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Abstract
This thesis covers the application o f fade counter measure techniques to satellite links 
using small terminals in the 20/30 GHz band. The case for using the 20/30 GHz band 
for very small aperture terminal (VSAT) networks is presented together with 
applications proposed for VSAT networks. A study of the propagation impairments 
that affect these networks is presented and the propagation environment is determined 
with particular reference to the problem and severity of rain fading. Relevant equations 
are presented allowing the calculation of link budgets and performance for VSAT 
networks operating via a 20/30 GHz satellite transponder. The various methods that 
may be employed to detect and overcome the high attenuation levels found at 20/30 
GHz are presented. Candidate fade counter measure (FCM) schemes, fade detection 
mechanisms and control methods are discussed, together with their applicability to 
VSAT networks and their expected performance. The design of the prototype 20/30 
GHz VSAT Earth station developed is presented, together with performance 
simulations, backed up by measurements, made on the prototype. The application and 
performance of fade counter measure schemes and fade detection methods is 
determined by computer simulation. Finally recommendations are made for a complete 
fade counter measure system applicable to a 20/30 GHz VSAT system.
PREFACE
The work carried out whilst completing this thesis has included investigation into fade 
counter measures with the publication o f  several papers and articles. Under contracts 
for the European Space Agency (ESA) technical assistance was provided in the initial 
design o f  the co-operative Olympus Data Experiment (CODE) and the Direct Inter- 
Establishment Communications Experiment (DICE) video conferencing system. As a 
result o f  the CODE work, the specification o f  a prototype 20/30 GHz VSAT was 
developed for the British National Space Centre. The specification o f  this terminal, 
presented in chapter 4, paid particular reference to the difficulties o f  Ka-band 
operation. Further work included the setting up and operation o f  a CODE VSAT 
based on the earlier prototype and the development o f  a 20 GHz beacon measurement 
system as an addition to the VSAT. During the operation o f  Olympus the VSAT 
design was found to be versatile enough to be used for many applications other than 
CODE. Data processing and analysis work on beacon measurements made at the 
Rutherford Appelton Laboratory at 12.5 GHz, 20 GHz and 30 GHz under contract 
for DTI and SERC has provided valuable experience o f  propagation effects at Ka 
band. Full participation in the Olympus propagation experimenters group (OPEX) has 
provided valuable contact with propagation experts and coupled with the VSAT 
hardware development has demonstrated the excellent potential o f  the 20/30 GHz band 
for VSAT systems. A  summary o f  propagation data is presented in chapter 2, with link 
budgetary considerations presented in chapter 3. A  campaign o f  hardware testing o f 
the prototype Ka-band VSAT performance was made at the British Telecom Goonhilly 
earth station using a satellite simulator and at DRA Defford using Olympus. Particular 
emphasis was placed on the effects o f  high phase noise on low rate PSK signals and the 
effects o f  transponder non-linearity in a multi-carrier environment with fading. The 
results o f  these tests are presented in chapter 4. In order to determine the optimum 
configuration for a VSAT system, applicable fade counter measure schemes are 
presented in chapter 6 and their application with suitable control systems are 
investigated in chapter 7. Simulation work, using both the BOSS and COSSAP 
packages, has been used to assess the performance o f  fade counter measure schemes 
and the effect o f  transponder saturation on a fading carrier in a multi carrier 
environment. A  simulation o f  an adaptive coding fade counter measures scheme 
including the transponder, noise, fading, fade detection was built up and is presented in 
chapter 8.
The major achievements of the work are presented in this document and include:-
• An assessment o f  VSAT systems and applications suited to 20/30 GHz
• Assistance to  ESA in the specification o f the CODE and DICE systems
• Measurements and simulation to define the CODE hardware specification
• Development, operation and testing o f a versatile 20/30 GHz CODE VSAT
• Development and operation o f a 20 GHz Beacon receiver
• Selection o f  appropriate FCMs and an assessment o f their potential
• Development o f  a fade counter measure scheme for the VSAT
• Simulation o f  the adaptive coding and fade spread counter measure schemes
• Processing o f  propagation data gathered at RAL
The areas in the thesis describing new and original research include
• The 20/30 GHz VSAT system
• Fade counter measure simulation
• Phase noise evaluation
• Propagation results analysis
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C h a p t e r  1  
I n t r o d u c t i o n
2The subject of this thesis is the application of fade counter measure techniques to satellite 
communications links. The author believes that the future of satellite communications lies in the 
use of small dish systems, providing individual users with a full range of data services.
In order to understand what direction satellite communication will take in the future, it is first 
necessary to examine how satellite systems have developed to date. In this chapter, the type of 
services currently provided, and those anticipated, are discussed. The problems of fading, and 
fade counter measures are introduced, in preparation for more detailed analysis in later 
chapters.
In the past, satellite communications have been dominated by large national telecommunications 
networks. The high initial and running costs associated with the launch and operation of a 
satellite, and the construction of large earth stations, together with restrictive legislation have, 
until now, prevented the use of satellite technology by smaller concerns. Recent advances in 
both in orbit and ground based equipment have drastically reduced the cost of a satellite link, to 
the level where large multinational corporations are able to justify economically their own 
private systems. Service demand predictions [3] indicate that there is not sufficient bandwidth 
available in the frequency bands currently used for satellite links. Additional bandwidth was 
therefore allocated at 20/30 GHz by the 1971 WARC [1]. The frequencies allocated were 17.7 
GHz to 21.2 GHz for the satellite down-link, and 27.5 GHz to 31.0 GHz for the earth station 
up-link. These frequency ranges are commonly refered to as the 20/30 GHz satellite band, and 
were formerly refered to as Ka-band, and are currently designated K Band.
1. Introduction
31.1 The Development of Satellite Systems and Services
1.1.1 The Development of the Space Segment
In order to understand the need for 20/30 GHz satellite communications, it is first necessary to 
appreciate the development of satellite communications. In 1945, A.C. Clarke [2] first 
proposed the concept of global satellite coverage using geosynchronous satellites. Satellites in 
low earth orbit need to circle the Earth quickly in order to achieve a high rate of change of 
angular momentum, generating the centrepetal force needed to counteract gravitational attraction 
of the Earth. The lower the orbit, the shorter the period. A low earth orbiting satellite must not 
be too close to the Earths’ surface, or the atmospheric drag will cause the orbit to decay, and 
the satellite to re-enter. For a circular orbit, the orbital period needs to be greater than 90 
minutes to avoid re-entry. Generally, low Earth orbiting satellites have orbital periods of less 
than 24 hours. Satellites in higher Earth orbits, such as the moon, orbit more slowly than the 
Earth rotates. The moon requires 28 days to complete an orbit. Clarke proposed that a satellite, 
placed in an circular orbit 42000 km above the centre of the earth, would orbit the Earth exactly 
once every 24 hours. If the orbit was arranged to follow the line of the equator, and to turn in 
the same direction as the Earth, the satellite would remain above the same point as the Earth 
turned below. To an observer on the Earth, the satellite would appear stationary. A satellite in 
this orbit is able to see slightly more than 1/3 of the Earth’s surface. Hence three satellites, 
placed 8 hours apart in the same orbit, would be able to cover the majority of the Earth’s 
surface, excepting the polar regions, and world-wide relays would be possible. There was in 
1945, still the formidable engineering problem of building and launching such a series of 
satellites.
In the early 1950s, the US Navy experimented with the use of the moon as a passive reflector 
o f radio signals. The path loss on Earth-Moon-Earth links is very high, as not only does most
4of the transmitter energy miss the moon, but the moon is a poor reflector of radio waves and 
scatters most of the energy it receives over a large range of angles. Hence these experiments 
required the use of large antennas and very high transmitter powers. Nethertheless, by 1959 
teletype signals could be sent from Washington D.C to Hawaii via the moon.
Balloons were also used to reflect radio signals. ECHO-1 was launched in 1960, and allowed 
voice links to be made between the USA Bell labs in New Jersey, JPL in California and Paris. 
Transmitter powers of up to lOkW were required with 30 M dish antennae.
The US air force launched a satellite carrying many small wire filaments into low earth orbit. 
These were intended to reflect radio signals, and digitised speech was successfully passed 
using lower power than required for the moon experiments. However the experiment was not 
popular with radio-astronomers.
In 1957 the USSR launched Sputnik-1, the first man made satellite, into a low earth orbit The 
radio signals from  this small satellite were received around the globe during the 21 day 
mission, until the battery power source was exhausted. The USA followed with the explorer 
series of satellites. Both Sputnik-1 and Explorer-1 transmitted telemetry back to earth; they 
could not be used for relaying messages. Score, launched in Decem ber 1958, allowed 
messages transmitted from an earth station, to be recorded on an on-board tape, and then 
replayed back to earth later in the orbit using an 8 watt VHF transmitter. It lasted 2 weeks until 
the on-board battery failed. A series of experimental satellite launches followed, and in 1960, 
the first true communications satellite, Courier-IB, was launched by the USA. It had four 
transmitters, and four receivers, allowing links between earth stations within range of the 
satellites 1000 km  orbit.
5Although the early satellites proved the viability of satellite communications, it is important to 
note that the lifetime of the satellite was severely limited by the available power supply. Modem 
geostationary communications satellites carry large solar panels, developing several kilowatts 
of electrical power, but even so, the shortage of electrical power is still a major limiting factor 
in the design of a satellite communications link.
In 1962, the USA launched Telstar-1 in an elliptical orbit with a period of 158 minutes. This 
satellite carried a transponder, a device that receives signals over a band of frequencies, and 
amplifies and re-transmits the signals on another band of frequencies. Telstar used an up-link 
frequency of 6 GHz and a down-link frequency of 4 GHz. It was used to relay live television 
signals from the USA to Europe. The antennas required to receive the weak signals from 
Telstar-1 were truly massive. For example, dish number 1 at Goonhilly Downs Earth station in 
Cornwall, is 30 metres in diameter. Not only were the antennas required physically large, but 
they also had to be agile enough to track a low earth orbiting satellite that could change 
direction by 180 degrees of azimuth and elevation within 30 minutes.
By 1963, the problem of tracking rapidly moving satellites had been solved when Syncom-2 
was placed into a geostationary orbit, providing 300 telephone channels or 1 television 
channel. Very large dish antennas were still required. Syncom-3 followed in 1964, and in 1965 
Early Bird, (later re-named Intelsat-I) was placed in geostationary orbit, as the first commercial 
communications satellite. The preparation and launch of a satellite, such as Intelsat-I, required 
very large capital investment, and could only be achieved by countries with large resources, 
such as the USA and the USSR. Intelsat, the International Telecommunications Satellite 
Organisation, was set up by a general assembly of the United Nations to provide, on a 
commercial basis, the space segment required for an international public communications
6service of high quality and reliability on a non-discriminatory basis to all areas of the world at 
the lowest possible cost. Further information on Intelsat may be found in [11]. Intelsat-I was 
followed in 1967 by Intelsat-II and in 1968 by the Intelsat-III series. Intelsat-HI could provide 
4 TV channels or 1200 telephone circuits. Although the power available on-board satellites 
increased, large dish antennas continued to be used, as emphasis was placed on increasing the 
capacity of the satellite to carry telephone circuits, rather than on reducing earth station 
requirements. Despite the formation of Intelsat, only government agencies, such as national 
telephone companies, could afford to operate satellite links and the links they provided were 
expensive.
The main disadvantages of the geostationary orbit, from an operator’s point of view, are the 
lack of coverage of the polar regions and the low elevation angles suffered by northerly and 
southerly ground-stations. A t low elevation angles, the path taken by the signals to and from 
the satellite is likely to be obstructed, and the path length through the atmosphere is much 
longer than for areas nearer the equator. This leads to degradations owing to ducting and 
rainfall, the picking up of ground noise in the main lobe of the antenna, and interference to and 
from terrestrial relays. In 1965 the USSR, which had a large proportion of territory in the far 
north, made use of the Molinia orbit which gives good coverage of the polar regions, but is 
non-geostationary. The Molinia orbit has an inclination of 64°, an apogee of 40000 km and a 
perigee of 500 km. Satellites in this orbit appear to be overhead for long periods as they move 
towards apogee. The Molinia orbiting satellites were used to provide television signals to small 
stations in the USSR.
Throughout the 1970s, many more geostationary and experimental satellites were launched. 
Intelsat-IV (1971) provided 4000 telephone links and 2 television links. ATS-6 (1974) was a 
high power general purpose satellite that also carried experiments designed to test propagation 
at high frequencies. Intelsat-IV A (1975) carried 20 transponders to provide 6000 telephone
7links and 2 TV channels. Intelsat-V (1980) allowed 12000 telephone circuits, and used TDMA, 
FDMA, and frequency re-use with orthogonal polarisation and beam separation. Many other 
satellites were launched during this period, including Symphonie-1, the first satellite to use 3- 
axis stabilisation, and Marisat (1976) the first maritime satellite. The increasing bus power of 
these satellites allowed smaller and smaller dishes to be used by ground-stations. For the first 
time, it became possible for private earth terminals to be used at reasonable cost.
In 1983 the Japanese CS-2 satellite was launched. This was the first satellite to use the 20/30 
GHz bands. The Eutelsat series were also first launched in 1983, providing telephone circuits 
and low power direct broadcast television services.
The INTELSAT series continued throughout the 1980s with the INTELSAT-VI series. Direct 
broadcast television satellites, including Astra, Marcopolo, DFS, EUTELSAT II, Telecom, 
TV-SAT and Olympus were launched towards the end of the 1980s and early 1990s. These 
satellites have so much power that some are able to transmit television signals to dishes as 
small as 30 cm in diameter. The power required to transmit one television channel is capable of 
supporting many hundreds of telephone links. The popularity of satellite services, coupled with 
the drive towards smaller dishes, and hence larger beam-widths and the increased risk of 
interference, will produce a change from the traditional power limitation of satellite links, to 
one of bandwidth limitation. As small earth terminals and satellite-based direct broadcast 
television become more and more popular, the 4/6 GHz satellite band, and the 11/14 GHz 
satellite band will become increasingly more crowded. It is for this reason that the use of the 
20/30 GHz band is the next step in satellite communication.
The Olympus satellite, launched in 1989 to a position at 19W, is particularly relevant, as this 
satellite carries the first European 20/30 GHz transponder payload, together with two high
8power direct broadcast television transponders, a general puipose 11/14 GHz payload with on­
board beam switching and an extensive propagation experiment including coherent beacons at 
12 GHz, 20 GHz and 30 GHz. This satellite has proved the viability of the use of 20/30 GHz, 
especially for small earth terminals, as it carries two spot beams, or approximately 1 degree 
beam-width as seen from the satellite. The use the spot beams allows the transponder power to 
be concentrated in small geographic areas, allowing frequency re-use, and also concentrating 
the satellite power, allowing smaller earth terminals.
1.1.2 INTELSAT Services
The main concentration of satellite services provided in the early years, was point to point 
television, telephony and telex links. These still provide the bulk of satellite traffic carried by 
organisations such as INTELSAT, though head end cable television distribution point to multi­
point news feeds and electronic news gathering are of increasing importance.
The rapid development in computer technology has created a demand for reliable high speed 
data links between computer systems world-wide. Data rates of between 64kb/s and 14 Mb/s 
are provided, with a maximum bit error rate of 10"6, over 99% of the year. INTELSAT have 
specified standard earth terminal configurations for the various services provided [5]. These are 
shown in Table 1.1 below.
9Table 1.1: INTELSAT Standard Ground Segment
INTELSAT
Designation
Antenna
size
Frequency Band Type Users
Standard A 30 m 4/6 GHz Country Gateway National
Standard B 11 m 4/6 GHz Country/City
Gateway
National j
Standard C 11m-18m 4/6 GHz 
11/14 GHz
Country Gateway National
Digital \
Standard E -l 3.5 m 4/6 GHz User Gateway Large Companies
Standard E-2 5.5 m 4/6 GHz 11/14 GHz City Gateway City Teleport
Standard E-3 8 m-9 m 4/6 GHz 11/14 GHz City Gateway City Teleport
Standard F -l 5 m 11/14 GHz User Gateway Large Companies
Standard F-2 7 m 11/14 GHz User Gateway Large Companies
Standard F-3 9 m 4/6 GHz City Gateway City Teleport
A city teleport allows users to share a central up-link resource with other users. In this way, the 
high cost of the station may be supported by leasing facilities to smaller concerns. Teleports are 
typically used for television up-linking and video-conference facilities.
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1.1.3 INMARSAT Services
The INtemational MARitime SATellite organisation, INMARSAT, was formed in 1979 to 
provide communications to shipping and off-shore oil drilling platforms, as well as emergency 
location and announcement services. The later generation INTELSAT satellites, have shaped 
beams designed to optimise coverage to the more populated regions of the world, whereas the 
INMARSAT satellites favour the oceanic regions.
Services provided include both data and telephony. Shipping agents can remain in contact with 
their cargos, allowing greater flexibility. By using a small terminal, it is possible to make a 
telephone call from almost anywhere in the world via INMARSAT satellites.
1.1.4 EUTELSAT Services
The European Telecommunications Satellite system, (EUTELSAT), aims to provide space 
segment capacity specifically for the European region. The organisation is controlled by the 
Central European Post and Telecommunications agency (CEPT), and provides capacity for 
inter-Europe telephony and television distribution, data services, video-conferencing, and 
recently, direct broadcast television services.
The EUTELSAT satellite multi-service system (SMS), is an entirely digital service, provided 
for use by industry in Europe. Data rates from 2.4 kb/s to 2 Mb/s are available, both point-to-
11
point and broadcast, and applications include financial data transfer, facsimile, video­
conferencing, newspaper printing, news gathering and business distance learning and training.
1.1.5 U.S.A Domestic Services
The large area of the country and the need for multi-state companies to communicate 
effectively, coupled with a relaxation in government legislation, has caused a boom in the 
demand for satellite services in the USA. Many satellites were launched throughout the 1980s’ 
to satisfy this demand [13], including series of Westar, Satcom, Spacenet, Gstar, SBS.
The W estar satellite network is the largest, founded in 1974, and provides telephone links 
(there is no long distance carrier monopoly in the USA), television broadcasts to cable heads, 
and high quality audio links for radio stations. Digital services are also offered. The satellites 
operate at 4/6 GHz using 36 MHz transponders.
The Satcom series of satellites also operate at 4/6 GHz using 36 MHz transponders, and 
provide similar services to Westar. The satellites are notable in that they employ completely 
solid state transponders, rather than the more common travelling wave tube final stage. Solid 
state transponders require less complex power supplies, and are less likely to fail during 
launch.
The SBS satellites use the 11/14 GHz bands, and are able to provide direct broadcast television 
services, as well as data services and video-conferencing.
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Spacenet, and Gstar, use both 4/6 GHz and 11/14 GHz, and provide similar services to SBS, 
specialising in long distance telephone and data links.
The large number of satellites serving the USA has led to an over-crowding of the 4/6 GHz 
frequency allocation. If the demand for satellite capacity continues to grow, the 11/14 GHz 
bands will reach capacity and 20/30 GHz will have to be used.
W ith the development of more powerful satellites, and the drive towards smaller earth 
terminals, many new services are being provided. Very small aperture terminals (VSATS) are 
becoming popular, and are the subject of the next section.
1.2 Applications of Private Satellite Links using Small Terminals
Currently, any business in the UK and most of Europe that wishes to operate a satellite link 
must work through a service provider, usually the national PTT. This is no longer the case in 
the USA, where private networks may be set up by bodies other than the national PTT. Recent 
and proposed European legislation will allow private links to be operated in future.
Small Aperture Terminals (SATs) with antenna diameters of around 3m, and Very Small 
Aperture Terminals (VSATs) with antenna diameters of around 1 metre, will be able to provide 
many new and innovative services that are currently either unavailable or too expensive. The 
services already available to small terminal users in the USA [3] include video-conferencing,
13
audio links, point of sale data transfer, remote warehouse contents management, store pricing 
and stock-taking, financial data transfer, international communications links, corporate 
education and remote data acquisition. Although many of these services may be provided by a 
national carrier, private satellite links offer increased independence, back-up links, and possible 
cost reductions especially on international traffic. SATs and VSATs, being satellite based, are 
able to operate in remote areas not covered by PTTs and where the installation of a terrestrial 
link would be prohibitively expensive.
The principle applications of a VSAT system may be divided into three main service areas viz 
broadcast services, data collection/remote monitoring and interactive networks.
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1.2.1 Broadcast services
B roadcast services generally involve one way transmissions from a 'Hub’, station to a 
community of VSATs. The VSATs are only required to receive, and can therefore be made 
cheaply, and the absence of a transmitter rules out any interference to other services.
Typical applications include:
1. Data services,
satellite navigation, weather forecasts, financial service information, stock and 
share prices, retail chain price list distribution and news services, fax.
2. Audio Visual services,
news reports, program music, transport information, terrestrial radio and television 
feed links, educational and training audio visual material distribution, and direct 
broadcast television (TVRO).
1.2.2 Data Collection Services
Data collection services require the VSAT to have only a transmitter. These services are capable 
of interference to other services, and therefore require co-ordination. Satellite data collection 
services are particularly useful for remote locations, where the provision of a terrestrial link is
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impractical or prohibitively expensive and for the collection of data from mobiles. For example 
the collection of weather data from un-manned stations, and the satellite tracking of mobiles.
1.2.3 Interactive services
Interactive services require a VSAT capable of both the transmission and reception of 
information. Interactive services are therefore more expensive to operate than broadcast and 
data collection services. Co-ordination is necessary to minimise interference to other services. 
Interactive services may be either point to point, or point to multi-point Point to point services 
include credit card verification, financial transactions and information exchange, database 
services and airline ticket reservation. Point to multi-point services include video-conferencing, 
remote telephone services, electronic mail and computer networks. Distance learning is 
becoming an increasingly important point to multi-point service, as it allows valuable 
interaction between the tutor and student
1.3 Use of the 20/30 GHz Band
1.3.1 Advantages of the 20/30 GHz Band
If many private satellite links are to be supported, then sufficient space segment capacity must 
be provided. The proportion of RF spectrum that can be allocated to satellite services is limited. 
The lower frequency allocations below 11/14 GHz are already near capacity, and the 11/14 
GHz band is filling up, hence the recent interest in the utilisation of the 20/30 GHz band, 
where 2.5 GHz of link bandwidth is allocated. In the lower frequency bands, satellite 
communications capacity is becoming limited by bandwidth, rather than satellite power [18]. 
The adoption of 20/30 GHz for satellite links does have many advantages. Antennas of a given 
size have a higher directivity than those at lower frequencies, reducing the possibility of
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interference between adjacent satellite positions, allowing satellites to be positioned closer 
together. In addition the higher directivity facilitates the use of high gain 'spot beam' satellite 
antennae, thereby increasing down-link flux density, saving on satellite and earth station 
transmitter power, and allowing greater frequency re-use. The maximum permitted down-link 
flux density is around 11 dB greater at 20 GHz than at 11 GHz, whereas the down-link free 
space loss in the 20 GHz down-link band a t“210 dB, is only 5 dB less than the"205 dB 
experienced in the 11 GHz band. The primary status of the satellite service at 20/30 reduces the 
co-ordination difficulties with terrestrial links that can be a problem at the lower frequencies. 
The greater directivity for a given size of 20/30 GHz antenna when compared to a 6/4 GHz or 
11/14 GHz antenna also reduces the duration of any outages occuring due to conjunctions with 
the sun and moon.
1.3.2 The Problem of Fading
Unfortunately, satellite links operating at 20/30 GHz suffer large signal fades when rainfall 
occurs along the path, in addition to the atmospheric absorption by oxygen and water vapour. 
Although fading is also prevalent on links in the lower frequency 4/6 GHz and 11/14 GHz 
bands, the depth of fades suffered is small enough to be incorporated as a fixed link margin in 
m ost cases. Links are usually specified to have an outage period caused by fading not 
exceeding some small percentage of the year (or worst month of the year). An outage will 
occur whenever the link carrier to noise ratio falls below the minimum defined for acceptable 
service, or in digital systems, when the bit error rate rises above a specified service maximum. 
Typically this maximum outage time will be 0.01% or 0.1% of the year. A fade margin must 
therefore be included in the link budget sufficient to produce the specified link availability.
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Many models have been proposed to do this estimation. In figure 1.1, the expected maximum 
fade depths for paths to the ESA Olympus satellite located at 19 degrees W est in geostationary 
orbit, with 45° polarisation [4] are plotted against frequency for various European sites.
A CCIR rainfall model is available that is capable of predicting attenuation at 20/30 GHz [5]. 
Inputs of latitude, height above sea level, elevation angle and 0.01% exceedance rain rate are 
required.The results of this model at an elevation angle of 30°, averaged for European climates 
and generally applicable to south east England are presented in Table 1.2.
Table 1.2: CCIR Rain Attenuation Model - Average European Location
% Year Attenuation Exceeded 5 .0 8 0 .0 9 9 .0 9 9 .8 9 9 .9 9 9 .9 9
20 GHz Attenuation (dB) 0.7 2.0 2.7 3.6 6.0 15.5
30 GHz Attenuation (dB) 0.7 2.0 4.3 7.5 12 27 [
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It can be seen that the attenuation experienced at 20/30 GHz, for example 12 dB for 99.9% at 
30 GHz, is too severe to be economically accounted for as a fixed margin by, for example, 
using a larger dish or increasing the transmitter power.
However the attenuation experienced over the larger proportion of the year is small, and can be 
covered economically by a fixed power or antenna gain margin. For example, the fading 
experienced at 20/30 GHz over 80% of the year is less than 2 dB for locations within Europe. 
A 99% availability at 30 GHz requires only a 5 dB margin. Alternative methods to fixed power 
margins must be found to gain high service availability. Schemes that can adaptively adjust the 
link parameters to overcome fading are known as fade counter measures (FCM). In order to 
assess suitable FCM schemes, it is necessary to examine the cause, characteristics, and effects 
of fading at 20/30 GHz.
To overcome a fade, a system must either avoid it, or compensate for it. Fades can be avoided 
by diversity, using an alternative unaffected link, or by storing traffic until the link improves. A 
fade can be compensated for by restoring the energy associated with the signal to the level 
achieved without fading. The simplest means of doing this is to increase the transmitter power. 
Alternatively the system may increase the transmission time or reduce the signal bandwidth. 
Fade Counter Measures (FCMs) adaptively adjust one or more of the above parameters.
A list of the fade counter measures that may be of use in combating rain attenuation at 20/30 
GHz is presented below.
1.4 The Case for Fade Counter Measures
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Power Control Methods
Coding Schemes
Increased Transmission Time
Spreading/Adaptive Modulation Schemes
Other techniques exist, for example dynamic satellite beam shaping where areas suffering 
fading are afforded additional satellite EIRP, or by the use of different (non-satellite) links, but 
these are not suited to Olympus experimentation.
1.4.1 D iversity
Diversity is a technique that avoids the effects of a rain fade. There are three forms of diversity 
that can be used, those of Spatial Diversity, Frequency Diversity and Time Diversity. A spatial 
diversity system relies on the finite size of rain storm events. The probability of two suitably 
separated sites experiencing simultaneous fading is small, and the system simply selects the 
best path. A frequency diversity system switches the link to a different frequency band where 
fading is less severe when the attenuation of the primary link becomes too large. Although this 
method implies additional frequency space, the rarity of fade events allows this space to be 
shared between many links as a common resource. A time diversity system simply stores 
traffic until the fade event has passed. The capacity of the link without fading must be
Diversity Systems
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increased to allow any backlog to be cleared, and this technique is obviously only applicable to 
information that does not require immediate delivery.
1.4.2 Power control
A power control scheme overcomes attenuation by increasing the transmitted power. This may 
be used for the up-link, by increasing the earth station transmitter output in line with up-link 
attenuation, or on the down-link by increasing the satellite EIRP. In a linear transponding 
satellite such as Olympus, if the transponder is set in a fixed gain mode, then if the up-link 
power at the input to the transponder is increased, then the down-link EIRP can be increased 
within the limits of the transponder output
The increase in transmitted power compensates for the attenuation of the signal. Down-link 
systems must increase power by more than the level of fading to compensate for G/T 
degradation owing to increased sky noise temperature.
1.4.3 Adaptive coding
Adaptive coding schemes may be used as fade counter measures. If digital data is transmitted it 
may be encoded in such a way that any transmission errors from noise or interference on the 
link may be detected and corrected by a decoder at the destination. Extra bits are transmitted to 
provide redundancy. By careful selection of code it is possible to detect and correct corrupted 
bits. This error correcting power carries the penalty of increased bandwidth, or reduced data 
rate. The attenuation that can be overcome by coding schemes is a function of the coding rate,
22
the ratio of the number of information bits sent and number of bits used for transmission, and 
the code used. More powerful schemes and hence greater reductions in data rate are required 
for deep fades than for shallow ones. Typical rates used for satellite communications range 
from 7/8 to 1/4 with gains of up to 10 dB.
1.4.4 Bandwidth Reduction and Spreading
Bandwidth reduction schemes maintain a constant signal to noise ratio during a fade by 
reducing the signal bandwidth, thereby increasing the transmitted power per unit bandwidth. 
The receiver bandwidth is also reduced so that the received signal power per unit bandwidth 
does not alter. The capacity of the link is reduced during fades. Because the signal bandwidth 
is reduced, the power per unit bandwidth at the up-link increases. This may cause regulatory 
and interference problems. A separate or adaptive channel filter is required for each rate used.
Spreading techniques maintain a constant channel bandwidth while reducing the data rate using 
spread spectrum techniques. Systems operating with Code Division Multiple Access use 
similar techniques. The maximum gain of a spreading system is the spreading factor, the ratio 
of the bandwidth of the spread signal to that of the un-spread signal.
If the transmission time of information is increased, then errors introduced by the reduced 
signal to noise ratio caused by fading may be corrected. This technique has an important 
application in TDMA networks, where a small quantity of time slots may be set aside as a 
common resource to be used by faded stations. The common resource is only a small 
proportion of the total network capacity because of the rarity of fade events. This category of 
fade counter measures includes "Adaptive TDMA" and "Burst Length Control".
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P r o p a g a t i o n
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As outlined in chapter one, in the planning of any communications link it is necessary to 
know what propagation is to be expected between the transmitter and receiver. This is 
especially so in satellite communications where limitations on satellite power and Earth 
station antenna size force the link to be operated with the minimum excess margin. In this 
section, the various mechanisms leading to signal fading will be investigated and their 
importance established.
2.1 Sources of Attenuation
2.1.1 The Structure of the Atmosphere
To aid in propagation study, the Earth’s atmosphere is generally considered to consist of a 
number of concentric spheres with the Earth at the centre. The areas between these spheres 
are considered as layers or shells and are grouped according to their structure. This is 
illustrated in figure 2.1.1 below.
2. Propagation at 20/30 GHz
The primary layers of atmosphere are the troposphere, the stratosphere, the mesosphere and 
the thermosphere.The troposphere extends up to the tropopause at about 10 km above the
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surface of the Earth. It is in this region that the bulk of the atmospheric gases are 
concentrated. The stratosphere extends upwards from the troposphere to the stratopause at 
a height of about 50 km, and the mesosphere extends upwards from the stratosphere to the 
mesopause at a height of about 80 km. The thermosphere extends upwards to about 3000 
km; It is very tenuous, as it accounts for only 0.0002% of the total atmospheric mass.
Particles ejected from the sun ionise gases of the mesosphere and thermosphere and the 
regions up to about 300 km are often known as the ionosphere. The ionisation of these 
regions has a marked effect of the propagation of radio-waves, especially for frequencies 
below 1 GHz. Few particles from the sun reach the lower atmospheric layers, as most are 
either absorbed by the mesosphere or if ionised are deflected by the Earth's magnetic field. 
The density of gasses in the lower layers is such that any ionisation caused is short lived.
The atmosphere is also heated by absorption of solar radiation. The incident solar radiation 
averages about 1.4 kW/m^ [1], principally in the spectrum from infrared through to ultra 
violet. Ozone present in the stratosphere absorbs the majority of the ultra violet energy. 
Most of this absorption occurs at the stratopause. The absorption causes a rise in the 
atmospheric temperature at the stratopause, and prevents vertical mixing of gases between 
the stratosphere and mesosphere.
Solar radiation in the infrared and visible parts of the spectrum are partially absorbed by the 
stratosphere and troposphere, with most of this absorption taking place close to the Earth's 
surface where the gas density is greatest. The heating of the troposphere is not constant 
over the surface of the Earth, being generally greater at the equator than at the poles. It is 
this differential heating that drives the weather systems.
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2.1.2 Effect of Atmospheric Layers on Microwave Propagation
2.1.2.1 The Effect of the Ionosphere
The presence of ionised particles effects the propagation of electromagnetic waves through 
the ionosphere. The effects are dependent on the frequency of the propagation wave, low 
frequency radiation is effected to a greater extent than higher frequencies. At the microwave 
frequencies used for satellite communications, the ionosphere is essentially transparent, but 
can cause a rotation of the polarisation of a propagating wave front known as 'Faraday 
Rotation', a variation in the angle of arrival at the receiver antenna, and a propagation delay. 
These effects decrease with increasing frequency as an approximate function of the inverse 
square of the frequency [2]. Ionospheric scintillations occur owing to ionospheric 
iregularities and at UHF have periods of between 2 and 15 seconds. The frequency 
dependence of ionospheric scintillation is approximately /  ~1,5. The worst measured 
scintillation during high solar activity and in the equatorial region [2] was noted as 4 dB at 
10 GHz. By frequency scaling this is under a dB at 30 GHz. The table 2.1 below shows the 
magnitude of ionospheric effects for an elevation of 30°.
Table 2.1 Ionospheric Effects 1GHz 3GHz 10GHz 30GHz
Faraday Rotation (deg) 108 12 1.1 0.1
Propagation delay (uS) 0.25 0.028 0.003 0.00028
Angle of arrival (sec) 12 1.3 0.12 0.013
Dispersion (pS/MHz) 400 15 0.4 0.015
From this table it is clear that at 20/30 GHz, the effects of the ionosphere, apart from angle 
of arrival effects with un-tracked very large antennas, are negligible.
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Low frequency radiation is largely unaffected by propagation through the troposphere [3]. 
High frequency and microwave radiation can be strongly effected, the principal degradations 
are due to:
• Gaseous Attenuation
• Hydrometer Attenuation
• Ray bending/De-poIarisation
Gaseous attenuation is principally caused by dipole resonance effects in gas molecules. 
The most important of these are those of Oxygen and water vapour, with resonances at 57- 
63 GHz and 118.74 GHz for Oxygen and 22.3 GHz, 183.3 GHz and 323.8 GHz for water 
vapour. These frequencies must be avoided for satellite links owing to the large atmospheric 
attenuation experienced.
Propagation windows are located between the absorption peaks and the 20/30 GHz band 
falls neatly into . windows placed on either side of the 22 GHz water vapour peak, with 
little gaseous attenuation. The absorption peaks around 60 GHz are useful for inter-satellite 
links because of the absence of interference from terrestrial sources.
Hydrometer attenuation is caused by the presence of water either as a vapour, or 
precipitation. Water vapour causes absorption, especially at frequencies close to the natural 
resonance frequencies of Hydrogen, Oxygen and OH- ions. If these frequencies are avoided, 
the degree of attenuation is small unless the elevation angle is small and hence the path 
length through the Troposphere is long.
Precipitation can cause both absorption and scattering of the' propagating wave, the 
scattering effect causing large attenuations. The amount of scattering increases as the
2.1.2.2 The Effect of the Troposphere
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wavelength approaches the size of the precipitated particles. Links at 20/30 GHz are 
affected by both liquid water and ice. Ice in particular causes strong depolarisation and 
hence cross polar discrimination degradation at 20 GHz.
Ray bending is caused by the variations in the refractive index of the Troposphere. These 
variations are due to differing pressure and humidity throughout the Troposphere caused by 
weather systems.
We shall now look at each of the Tropospheric effects in more detail, especially with regard 
to the use of 20/30 GHz Earth/Satellite links.
31
The total attenuation owing to Oxygen and water vapour may be found by integrating the 
specific attenuation from each source along the link path.
sat
Total Attenuation = /  XAn(x) dx (1.1) 
gnd
Where An(x) is the specific attenuation at position x due to source n. A good approximation 
may be found by considering only the contributions due to water vapour and Oxygen. CCIR 
recommendations [3] have been produced regarding the calculation of the specific 
attenuations for frequencies up to 350 GHz. The formula used for the contribution due to 
Oxygen for frequencies less than 57 GHz is shown in equation 1,2
Aoxygen = ^7.19xl0"3 + p7(y277 + (f-5"7)^+1.5) ^  x10"3 dB/km (L2)
Where f is in GHz. The corresponding expression for the contribution due to water vapour 
is:
( 3 9 43  x
0.067 + (£.22.3)2+7.3 + (f-183.3)2+6 + (f-323.8)2+10Jf2p x10"3
where p is the water vapour concentration in g/m^, the expression only holds for p less 
than about 12 g/m^.
The above calculations have been applied and are presented for selected values of water 
vapour concentration in [4]. Calculations are usually performed for a Zenith path, that is an 
elevation angle of 90° from the local horizon. The atmosphere is then modeled as having a 
constant rate of attenuation up to a scale height, with no attenuation above that height. As
2.1.3 Gaseous Attenuation
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the elevation angle to Geostationary orbit in Europe is usually less than 45° some 
correction must be made to account for the different path length through the atmosphere. If 
the scaled height is denoted as H, the elevation angle as 0, then the slant path length is given 
as:
Slant Path Length = —  -----  ^(H- h )   (1.4)
"\Jsin20 + ^  + sin0
Where h is the height of the Earth station above sea level and R is the effective Earth 
radius of 8500 km. As R »  H the above may be approximated for practical elevation 
angles (0  > 10°) by:
, „  H - h _ _Length = — r  (1.5)sin 0
For Oxygen H is usually taken as 6 km for frequencies up to 57 GHz and for water vapour 
by the expression:
3  i  i
Hwater = 2.2 + (f_ 223)z + 3 + ( f -  183.3)2 + 1 + (f- 323.8)2 + 1 km (1
Combining the above equations in equation (1.1) and performing the integration gives the 
result:
Total Attenuation = A )A TO8CT + (HwatCT - h)Aww.r dB
sin 0 7
The attenuation experienced in the 20/30 GHz satellite communications bands at sea level 
is tabulated below against temperature, pressure, relative humidity and elevation angle.
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TABLE 2.1.1 LINK ATTENUATION DUE TO ATMOSPHERIC GASSES (dB)
Temperature = 20° C, Water Vapour 0.001 g/m7
Frequency Elevation Angle
0° 50 10° 300 45° 900
20 GHz 5.0 0.7 0.3 0.1 0.08 0.03
30 GHz 16.6 3.1 1.6 0.6 0.4 0.06
TABLE 2.1.2 LINK ATTENUATION DUE TO ATMOSPHERIC GASSES (dB)
Temperature = 20° C, Water Vapour 7.5 g/m3
Frequency Elevation Angle
0° 50 10° 30° 45° 90°
20 GHz 61.3 8.7 4.5 1.6 1.1 0.3
30 GHz 50.6 7.2 3.7 1.3 0.9 0.2
TABLE 2.1.3 LINK ATTENUATION DUE TO ATMOSPHERIC GASSES (dB)
Temperature = 30° C, Water Vapour 18 g/m3
Frequency Elevation Angle
0O 5° O O 30° 450 90°
20 GHz 135 19.2 9.8 3.4 2.4 0.6 |
30 GHz 97 13.2 6.8 2.4 1.7 0.5 i
Clearly severe attenuation is experienced at low elevation angles, even at low humidity 
levels. The expected elevation angle of the ESA Olympus satellite is about 29° in England 
and the figures for 30° elevation may be used. With the UK climate, the total attenuation 
from atmospheric gasses will be less than 2 dB. It is interesting to note that the attenuation 
at 30 GHz is less than that at 20 GHz. This occurs from the close proximity of the 22 GHz 
water resonance peak to the 20 GHz band.
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Atmospheric hydrometers exist as rain, snow, ice, clouds, or fog and cause attenuation 
both by scattering and absorption. They are formed by the precipitation of water vapour in 
the lower troposphere. Dry hydrometers, such as ice and dry snow have little attenuating 
effect on links operating at 20 GHz with small attenuations on 30 GHz links. Wet snow, if 
allowed to collect on the antenna will lead to outage and means should be provided to 
prevent snow from settling on the antenna. Dry ice crystals cause significant depolarisation 
at both frequencies and severely limit the cross polarisation discrimination. Mist and fog 
may be neglected unless the elevation angle is low owing to their limited vertical extent. 
The attenuation caused by clouds is much less than that caused by rain, but large cumulus 
type clouds cause significant scintillation owing to small scale irregularities in the 
refractive index produced by turbulence. These irregularities lead to incoherence in the 
wave front arriving at the antenna, which produces the scintillation. Large dishes are less 
effected than small ones as the larger the antenna aperture is the more averaging effect it 
has on the wave front. This effect is more important for small dish VSAT systems with 
their lower aperture averaging factors.
Rainfall is the most significant attenuation source as the water droplets cause scattering. 
Many models have been prepared to predict the annual and monthly probability of fading. 
Results are often given as the percentage of the year or worst month of the year over which 
a specific link attenuation will be exceeded. This allows link budgets to incorporate 
suitable fade margins and maintain acceptable link availability.
As the major source of link attenuation is rainfall the fading that an Earth station will 
experience at 20/30 GHz depends strongly on the local climate. This must be considered 
when siting a station by avoiding areas with high rainfall rates if possible.
2.1.4 Hydrometer Attenuation
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At present there is a shortage of UK propagation data at Ka band. Much research has been 
undertaken at Ku band (11 & 14 GHz) and the results of these studies have been used to 
predict the attenuation at higher frequencies. Limited propagation data for Ka band is 
available from measurements taken with the ATS-6 satellite [5] during 1975/6 at the Post 
Office Research Centre, Martlesham Heath (1.29°E, 52.06°N) and the results of this are 
used together with data for lower frequencies to develop a model for paths to Olympus.
2.2.1 ATS-6 Measurements
Measurements were made at 20 and 30 GHz [5] at an elevation angle of 22.7° during the 
period 4/8/75 - 1/8/76 while the satellite was in geostationary orbit at 35°E. Further 
measurements were taken during the satellite drift period to 130°W until the satellite 
disappeared below the local horizon on 18/10/76. This period unfortunately coincided with 
an unusually dry summer in the UK, but the results are still useful.
The equipment used was a 6.1 m diameter steerable offset cassegrain antenna, steerable to 
within 0.01° with a 3 dB beam-width of 0.18° at 20 GHz and 0.13° at 30 GHz. An air 
blower was used to prevent the build-up of snow and ice on the feed window. The cross- 
polar discrimination (XPD) was 45 dB and the receiver band-width 200 Hz. Propagation 
data was logged at 0.5 second intervals, with the rain rate being recorded at 10 second 
intervals. Errors of 0.4 dB at 20 GHz and 0.6 dB at 30 GHz in fade measurements and 1 
dB in XPD measurements are estimated.
It was noted that high altitude ice crystals can cause depolarisation without significant 
attenuation, this must be considered when designing systems using frequency reuse by 
orthogonal polarisation. Scintillation was also noted, with typical variations of between 0.5 
dB and 1 dB at 30 GHz and a factor of between 1.4 to 1.8 smaller than this at 20 GHz
2.2 20/30 GHz Attenuation Measurements & Models
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when the satellite was at 22.7 elevation. Scintillation at the two frequencies was highly 
correlated and peaked with bursts of between 2 dB and 6 dB p-p at 30 GHz during the 
passage of cumulus and cumulo-nimbus clouds in the summer and autumn. The 
scintillation contained frequency components above 2 Hz (measurement limit). These 
clouds did not cause precipitation and the bursts lasted for typically 5 to 20 minutes.
These figures must be extrapolated to Olympus paths (19°W, 29° elevation). To a first 
approximation the path length through cloud may be considered to vary in proportion to 
the inverse sine of the elevation angle. Over a narrow range of elevation angles the 
approximation is reasonably accurate. To convert from 22° elevation to 29° elevation the 
figures should therefore be reduced by a factor of 1.3. Predicted scintillation on UK- 
Olympus paths will be comparable but slightly less than those measured to ATS-6. The 
accuracy of this method is limited by the non-spherical nature of the ice particles and 
shape of the cloud.
It should be noted that even without cloud scintillations of up to 0.5 dB peek to peek at 30 
GHz were observed. This suggests that there is little point in attempting to operate a link 
with a margin smaller than this value. Clear sky scintillation is also dependent on the 
effective antenna aperture, (As defined in CCIR Report 718-1). However as only one 
antenna was used to gather data in [5] this dependence was not investigated. If the CCIR 
formula is assumed correct, then the clear sky r.m.s scintillation for a 1.2 metre antenna at 
29 degrees elevation will be 0.25 dB at 20 GHz and 0.31 dB at 30 GHz. A 1 dB fixed fade 
margin is therefore required to cover clear sky scintillation over a complete link in the UK.
With an elevation angle of 29°, the figures for 20 GHz with a 1.2 metre antenna are 
increased by a factor of 1.1 from those with a 6.1 metre antenna at 22° elevation. The 
corresponding conversion factor at 30 GHz is 1.3.
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Measurements of diversity gain against rain attenuation from three sites at Appleton 
laboratories separated by 12 km were made and for fades greater than 12 dB the relation:
Diversity gain (dB) = 0.82 (Single Site Attenuation - 7) (2.1)
For fades below 12 dB the gain was considerably reduced; presumably because of 
widespread rainfall affecting all sites. This is important as it demonstrates that a large 
fixed margin (12 dB) is required within a diversity system. Simultaneous measurements of 
attenuation at 20 GHz and 30 GHz were taken to evaluate the fade depth ratio between the 
bands. The best fit to the received data gave an attenuation ratio of 2.2 with a standard 
deviation of 0.13 when the attenuation is expressed in decibels for fades between 4 dB and 
14 dB at 30 GHz.
Owing to the limited time that ATS-6 was available in the 12 month period, radiometric 
measurements were taken to widen the data base. Radiometers set to 22.7° elevation were 
calibrated against the ATS-6 beacons. Radiometer measurements allowed an additional 
6000 hours of measurements to be taken to complement the 1156 hours of ATS-6 data. 
The cumulative measurement results are expressed in Table 2.2.1. The attenuation data is 
given in decibels and the rain rate in millimetres per hour.
Table 2.2.1 Summary of ATS-6 Measurements
% Time Yearly Average Worst Month
exceeded 20 GHz 30 GHz Rain Rate 20 GHz 30 GHz Rain Rate
10.0 1.5 1.5 0 2.0 2.5 0
1.0 3.0 4.5 0 5.0 8.0 5
0.1 6.0 9.5 5 14.0 >20 12
0.01 15.0 >20 15 >20 >20 30
Measurements were also made of the duration of fades above a given amplitude. The 
results interestingly show that shallow fades generally last for ten minutes or less with a
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majority lasting for less than 60 seconds, for greater attenuations of 10 dB or more, the 
percentage of fades lasting over one minute was greater, though half of all fades lasted less 
than 60 seconds. Measurements with ATS-6 were also made from other sites and complied 
by ESA, [11] the results of this study are presented in Table 2.2.2 and Table 2.2.3.
Table 2.2.2 Summary of ATS-6 Measurements at 30 GHz
Site Observation Attenuation (dB) exceeded for time
Hours 1.0% 0.3 % 0.1 % 0.03 %
Martlesham 1141 5 7.5 11 17
Martlesham (radiometer) 6569 3 6 9.5 14.5
Slough 1742 3 5 10 11
Langley 1742 3 6 10 13
Langley (radiometer) 9528 3 5 9 —
Winkfield 1742 3 7 11 14
Winkfield (radiometer) 9528 3 6 11 —
Leeheim 1200 3 6 10 17.5
Eindhoven 262 8 9.5 11 12
Total 28829 3 5.6 9.9 14.2
Table 2.2.3 Summary of ATS-6 Measurements at 20 GHz
Site Observation Attenuation (dB) exceeded for % time
Hours 0.1% 0.03% 0.01%
Martlesham 1025 6 8 9
Martlesham (radiomet) 6096 6 8.2 15
Bradford 920 4 5 6.5
Gometz-Ville 1100 4 6 8.5
Total 8116 5.5 7.5 13.2
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This model was developed by ESA and uses measurements obtained as a result of the ESA 
COST 205 program [11]. The data base totals 123 site years in the region 10 GHz to 18 
GHz, of this 55 site years was gathered concurrent with rainfall rate data. Although 
measurements were not taken at 20/30 GHz frequency scaling may be applied to predict 
the attenuation at these frequencies. Prediction methods are complex and similar to the 
CCIR method involving the assessment of the path length through precipitation from the 
freezing height. Once the path length has been calculated, the attenuation experienced may 
be correlated with the precipitation rate for various precipitation characteristics (rain, hail, 
dry snow, wet snow etc).
Measurements have shown that Europe may be split up into three distinct regions with 
differing precipitation characteristics. These are the maritime, the continental and the 
Mediterranean regions.
In the maritime region, low intensity precipitation (<1 mm/hr) shows little seasonal 
variation but is at a maximum in late Autumn. Rainfall occurs throughout the year, but 
with the highest rainfall rates in the summer months. The high Summer rates are more 
pronounced in areas sheltered from westerly airflows such as Belgium, the Netherlands 
and the east coast of England. Typical rainfall rates exceed 25 mm/hr for 0.01% of the 
year.
The continental region is generally far from the sea and extensive anticyclones prevent the 
ingress of rain carrying depressions leading to cold dry weather in the winter. In the 
summer the extent of the anticyclones is less and some damp maritime air reaches the 
region. The summer temperature is high owing to the absence of cloud and the high 
ground temperature causes strong thermals to force damp air upwards leading to 
thunderstorms and periods of intense rainfall.
2.2.2 University of Bradford Attenuation Model
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The Austrian climate is typical of a continental region, with rainfall rates exceeding 40 
mm/hr for 0.01% of the year.
Precipitation in the Mediterranean region occurs mainly in autumn and early winter when 
intense rain arises from strong convections in the cold front of depressions. Italy is within 
this region and the central area suffers particularly with high rainfall rates >50 mm/hr for 
0.01% of the year.
The output of the Bradford model is available as rain rate and attenuation contour plots for 
the European region. These plots allow the attenuation not exceeded for less than 5% to 
0.01% of the year to be estimated. Results for the UK, with horizontal polarisation are 
presented in Table 2.2.4.
Table 2.2.4 Predicted Attenuation on UK - Jlympus Paths
% Time Exceeded 20 GHz 
Attenuation (dB)
30 GHz 
Attenuation (dB)
5 2 2
1 3 5
0.1 5 8
0.01 10 **
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A CCIR rainfall model is available that is capable of predicting attenuation at 20/30 GHz 
[1]. A computer program has been prepared to predict attenuation at 20/30 GHz for a 
specified polarisation using this model. Inputs of latitude, height above sea level, elevation 
angle and 0.01% exceedance rain rate are required. The method is clearly outlined in the 
CCIR Handbook on Satellite Communications [3]. The results of this model applied to the 
maritime region, where the University of Surrey is located in Guildford, UK, are tabulated 
in Table 2.2.5 below.
2.2.3 CCIR Attenuation Model
Table 2.2.5 Application of CCIR Rain Attenuation Model for Guildford
% Year Attenuation Exceeded 5.0 80.0 99.0 99.8 99.9 99.99
20 GHz Attenuation (dB) 0.7 2.0 2.7 3.6 6.0 15.5
30 GHz Attenuation (dB) 0.7 2.0 4.3 7.5 12 27
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2.3 COST 205 Measurements & Models at 11.6 GHz
2.3.1 Fade Duration
It is important to be able to predict the duration of fade events. A large database has been 
gathered as part of the ESA COST 205 project at 11.6 GHz [11] and the results of this are 
outlined below. The resulting models produced from the COST 205 data have been 
analysed [12] and found to give accurate results when compared with data gathered from 
three sites at Gera Lairo, Fuchino and Spino d'Adda at 11.6 GHz.
This data was collated and statistical distributions were produced as two distinct forms. In 
the first process (A), a fade of greater than a set threshold level is given a weighting 
according to its duration, in the second process (B), each fade is given equal weighting, 
regardless of length. The information gathered from the first process will give information 
about the fraction of the total exceedance time made up of fades of longer duration than a 
set value. The second process will give the percentage of total fades that exceed a set 
duration threshold. The first process is useful to distinguish between the quality and 
availability of a link. For example a link with many outages of short duration may have the 
same total outage time as a station characterised by only a few outages of longer duration, 
but the link quality is clearly different. The results of the data gathering program have 
been used to develop mathematical models for the fade duration distributions, taking the 
total number of seconds that the set attenuation threshold is exceeded.
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The cumulative distribution of durations may be modeled as a log normal distribution from 
the equation 3.1 below:
2.3.1.1 The Log Normal Model
n d (D) =
Xj2ii
inf
( x  - X q d-l
1_^2 dxv OD 1 (3.1)
CJD
ln(D)
Where X is expressed in dB
The parameters NOD, CD and X-xo must be found by analysis of the experimental data. A 
similar equation may be used to give the cumulative distribution of the total number of 
seconds made up from events of a specified duration.
inf
NS(D) = Nqs
-lfX -X o s f
<*S J dx (3.2)
ln(D)
Where: as = O 'D , XQS = XQD + <D2 NQS = NQD e
r OD2^
X q d + 2
Analysis of the data demonstrated that the cumulative distributions are largely independent 
of the site and that the log normal distribution provides an excellent approximation up to 
about 1200 s. The cumulative distribution of the durations of fades is presented in table 
2.3.1.
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Table 2.3.1 Cumulative (Pooled) Distributions of Seconds for
European Sites
Fade Depth Threshold at 11.6 GHz
Duration (s) 2dB 4 dB 6 dB 8 dB 10 dB
32 473970 128319 65738 41729 21971
64 444361 123030 62934 39724 20885
128 405279 112579 58736 36954 19128
256 344644 94598 49691 31201 15168
512 260563 67541 36160 21303 12081
1024 151817 37913 16231 9794 7329
2048 56397 8493 5827 2374 0
4096 26489 0 0 0 0
The values above show that 2% of fades last longer than the limit of 1200s. This 
percentage is small enough to be ignored, but the total time taken by the few fades of 
duration greater than 1200s is a significant fraction of the total time. For example, if 
durations of greater than 32 seconds are considered, then the distributions may be 
calculated for variable fade threshold, the parameters obtained are:
NOD = 2ND (32) 
X o d  =ln 32 = 3.466 
o d = 1.75
From the second process, where the number of seconds is accounted for, the following 
results were obtained.
Table 2.3.2 Cumulative (Pooled) Distributions of Seconds
for European Sites
Fade Depth Threshold at 11.6 GHz
Duration (s) 2 dB 4 dB 6 dB 8 dB 10 dB
32 1952 487 237 157 85
64 1302 368 177 113 62
128 840 248 127 83 42
256 489 147 76 51 20
512 250 68 37 22 12
1024 86 24 9 6 5
2048 17 3 2 1 0
! 4096 5 0 0 0 0
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as = 1.75 
X os  = 6.53 
N os = 296ND(32)
This gives an experimental cumulative distribution of seconds of:
These lead to the relations:
Ns(D) = 296Nd (32)
inf \
1.75^2%
IfX - 6.53
C 2\ 1-75 J .dx -0 .10 (3.3)
In (D) J
For durations between 32 and 4000 seconds. The 10% reduction is an integration constant 
caused by the neglectLan of the high duration fades that deviate from the log normal 
distribution. The value of this constant varies slightly with fade threshold level, as does the 
upper duration accuracy limit of the model. The variation of this constant and the upper 
limit on durations is tabulated in Table 2.3.3.
Table 2.3.3 C and Dmax vs Threshold
Threshold (dB) Constant C D max (s)
2 -0.01 4000
4 -0.04 500
6 0.01 400
8 -0.04 400
10 -0.09 1000
Short Duration Fades
The above model applies to fades of duration greater than 32 seconds. The COST 205 
program measurements suggest that a power law approximation may be used to predict the 
duration distribution. For fades of 4 dB or more, the model is:
Nd (D) = 4.92 ND(32) D' °-46 (3.4)
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for durations of less than 32 seconds.
The resulting "number of seconds" distribution is expressed as a probability of a duration 
of less than length d:
and for fades of 2 dB the model is:
Nd(D) = 9.2 Nd(32) D-0-64 (3 .5)
Nd<D(D)= 4.19Nd (32)d O-54 (3>6)
for (0 < D < 32s).
Generalised Model
All the above models have been generalised in [11] to give the following model.
P(D) = 1'  T.os’+C D° '54 (° < D <= 32s) (3'7)
P(D) “  1.05 + C
inf
1 / X -6 .5 3 J2
1.75-\/27C J e "2 V L75 Jdx + C
V ln(D)
(D > 32s) (3.8)
J
With the values of C and maximum duration given in the table above.
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It is important to know the rate of change of attenuation on a satellite link employing fade 
counter measures. The response time of the counter measure scheme may be over 1/4 
second because of propagation delays. The amount by which a fade increases in depth 
during this response time must be covered by a fixed margin to avoid outages.
Measurements were made as part of the COST 205 program [11] and the sample time of 
the Fuchino, Lairo and Spino dAdda was short enough (0.1 s), to allow the rate of change 
of attenuation to be assessed. A model is presented in [12], with a log normal distribution 
of fade rates. There was found to be little correlation between the positive and negative 
rates of change at the beginning and end of a fade event, though the distributions of 
positive and negative rates were found to be similar. This would be expected from the 
physical process that causes rain fading. The resultant median and standard deviation of 
the rate of change of attenuation for the log-normal model are presented below.
2.3.2 Attenuation Rate of Change
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Table 2.3.4 Attenuation Rate of Change vs Threshold
Threshold (dB) Median (sec/dB) Standard dev
2 20.6 1.246
3 15.0 1.106 '
5 11.2 0.976
7 9.6 0.912
Taking the 2 dB figures as the worst case, then the distribution of fade durations is given 
below.
Table 2.3.5 Probability of Fade Rate Exceeded
Probability (%) Rate not exceeded (dB/s)
99 0.5
98 0.4
95 0.3
90 0.25
80 0.14
70 0.07
j 50 0.04
10 0.01
2.3.3 Scintillation Measurements
The COST 205 [11] program found that scintillations do occur at frequencies above 10 
GHz and suggest that the cause is often small scale differences in the refractive index of 
the troposphere. Clear weather scintillations were found to be associated with the passage 
of cumulus clouds across the link, though scintillation was also found to occur during rain 
fade events.
The amplitude of scintillation was found to depend on the elevation angle, the frequency 
and on the aperture of the Earth station antenna. The data base of scintillation 
measurements was too small to  derive any definite conclusions regarding the effects of 
elevation angle and frequency, but it was possible to determine the effect of antenna
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aperture. Enough evidence has been gathered form other satellite links to assume that the 
dependence on frequency and elevation angle of scintillation may be found by applying the 
theory of weak turbulence in the troposphere. Scintillations were found to occur in bursts 
lasting for up to two hours and with variable amplitude. For large scintillation amplitudes, 
the variation in peak to peak amplitude may be modeled as a power law. The CCIR have 
modeled clear sky scintillation and give the r.m.s value as:
0 = sin(8)6:85^ f7/12' 2-5x10' 2
Where 0 is the elevation angle, G(r) is th< 
881 and f  is the frequency in GHz. G(r) 
linear approximation.
f - MG(r) = 0.5 - 0.4
G(r) = 0.1
: aperture averaging factor as defined in report 
may be found from the following piece-wise
for 0.0 <— j—  <= 0.5 
flXL
for 0.5 < ”7=  <= 1.0 
V^L
>r 1.0 < j—  
flXL
Where:
R = ^ §
L -  . ^ -----------
"W sin20 + + sin 0
With D the antenna diameter, rj the antenna efficiency factor (60%), Re the effective Earth 
radius of 8.5 x 10 metres, h is the height of the turbulent layer usually taken as 1000m.
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Using the G(r) formula for an Olympus 20/30 GHz link with an elevation angle of 29° and 
an antenna diameter of 1.2 metres and 60% efficiency gives the results:
G(r)20GHz = °-88> G(r)30GHz = °-86
This leads to the values:
a20GHz = 0.25, tf30GHz = a 31
Repeating this calculation with a 2.5 metre antenna of 60% efficiency over the same link 
gives:
G(r)20GHz = 0*76, G(r)30GHz = 9-70
This leads to the values:
°20GHz = 0-23, ct30GHz = 0.28
Owing to the rapid variation of amplitude caused by scintillation (>2 Hz) , it is improbable 
that a fade counter measure scheme will be able to adapt quickly enough to follow the 
variations in signal attenuation. Hence the level of scintillation must be determined by the 
counter-measure scheme and covered by a fixed margin. This margin may be adaptively 
varied depending on the level of scintillation. As the signal variations cause short error 
bursts their effect may be overcome by error corrective block or convolutional codes.
Propagation measurements made on the Olympus 19.7 GHz beacon at the University of 
Surrey, suggest that the inclusion of a small margin, of the order of 1 dB, will allow 
scintillation to be combated over the majority of the time.
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The band-width available for satellite communications is limited and the same 
transmission and reception frequencies must be used many times over. It is possible to use 
the same frequency bands twice within a single satellite beam if orthogonal polarisations 
are used. If a satellite uses this technique, then the cross polarisation discrimination (XPD) 
of both satellite and Earth station must be made as large as possible. Rain fall and ice 
crystals in the troposphere are able to cause polarisation rotation and therefore reduce the 
XPD. The COST 205 data found that XPD was dominated by rain effects for times < 
0.01% and ice effects for times <0.1 %. The CCIR have produced a model to assess the 
XPD (in dB) as:
XPD = U(f, e ,K) - V(f) log(cc)
U(f, e ,x ,K) = C(f) + D(e) + K2 + I(t)
Where U and V depend principally on the frequency f in GHz, elevation angle e and 
polarisation tilt angle %. a  is the co-polar attenuation in dB. Generally:
C(f) = 30 log(f)
V(f) =20 (8 < f  <15 GHz)
V(f) =23 (15 < f  <35 GHz)
D(e) = -40 log (cos £)
I(t) = -10 log ^( 1-cos(4t) e"^111^  )
K2 = 0.053 a2, where a is the standard deviation of the raindrop canting angle distribution 
in degrees, 4.1° for rain and 8.9° for ice. Km2 = 0.2018, for rain and Km2 = 0.4347 for 
ice. These relations allow U to be calculated for rain and ice at 45° polarization and a 
typical elevation angle to Olympus from the UK of 29°:
2.3.4 Cross Polarisation Discrimination.
U 2 9 G H z r a i n =  301og(29) - 401og(cos29°) + 0.053(4.1)2 -10 log “( l-cos(4x45°) e'0*2018) = 46.7
U 29GHz ice”  301og(29) - 4 0 1 o g (co s2 9 °)  +  0 .0 5 3 (8 .9 )2  -1 0  lo g  l - c o s (4 x 4 5 ° )  e " ° ’4 3 4 7 ) = 5 1 . 2  
U 19GHz ra in =  3 ° l ° g ( 19) '  4 0 1 o g (co s2 9 °) +  0 .0 5 3 (4 .1)2 -1 0  log  | (  l - c o s (4 x 4 5 ° )  e ' 0 -2 0 1 8 )  = 4 1 . 2  
U 19GHz i c e =  301og(19) -  4 0 1 o g (co s2 9 °) +  0 .0 5 3 (8 .9 )2  -1 0  log  | (  l - c o s (4 x 4 5 ° )  e "° -4 3 4 7 )  =  4 5 .7
Hence, for a 99.9% availability, with attenuations of 6 dB at 19 GHz and 12 dB at 29 GHz, 
the expected XPD will be 23.3 dB at 19 GHz and 25 dB at 29 GHz.
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Attenuation (dB)
Figure 2.3.1 Rain XPD vx Co-polar Attenuation
If polarisation reuse is not applied to a link, then the effect of XPD will be negligible 
compared to the fade depth. If frequency reuse is applied, then counter-measures must be 
taken to prevent interference between orthogonal polarisations in high availability systems.
Measurements made as part of the ESA OPEX program [6] using the Olympus 
propagation package, indicate that although the CCIR model for rain XPD is essentially 
accurate, the model for ice is quite innaccurate and that it is possible to get large 
reductions in the XPD without any significant co-polar fading. This will be detailed later 
in the section on OPEX measurements.
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2.3.5 A pplication of COST 205 D ata to  20/30 GHz.
The data used in the COST 205 program was gathered at frequencies between 11.5 and
14.5 GHz, using the OTS and SIRIO satellites. The original orbital position of the SIRIO 
satellite (15°W) is close to the intended location of the ESA Olympus satellite (19° W). 
The satellite was held at 15° W from 1977 to 1983 and then moved to 65° E. The OTS 
satellite has also had two orbital positions (10°E 1978-1982, 5°E 1982- ). These orbital 
positions give a representative spread of elevation angles, to the European test sites.
The mechanism that causes rain attenuation is essentially the same at 20/30 GHz as at 
11/14 GHz. A rain cell enters the link path and causes attenuation according to the path 
length through the rainfall and the precipitation rate. The degree of attenuation will depend 
on the frequency of the radio wave, but the duration of the event will be governed only by 
the local weather conditions. Hence the duration of a fade event at 20 and 30 GHz will be 
the same as the duration of a fade event at 11/14 GHz and with an appropriate scaling of 
the fade depth thresholds, the distribution of fade durations at 20/30 GHz may be derived. 
The distribution is only a weak function of fade threshold and is thus only a weak function 
of frequency and is given below.
P(D) = 1 ' tM © D° '54 (0 < D <= 32s)
inf
P(D) = (D > 32s)
J
The corresponding values of C are given below. The accuracy for the greater fade depths is 
doubtful and the value C=-0.01 will be taken. Unfortunately the COST 205 data does not 
extend to fades below 2 dB threshold, so the duration of fades below 5 dB at 19 GHz and
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10 dB at 30 GHz is unknown. The frequency scaling factors used are 2.6 and 5.2 for 
conversations from 12 to 19 and 12 to 29 GHz respectively.
Table 2.3.6 C and Dmax vs Threshold
Threshold (dB) Constant C D max (s)
12 GHz 19 GHz 29 GHz
2 5.2 10.4 -0.01 4000
4 10.4 20.8 -0.04 500
6 15.6 31.2 0.01 400
8 20.8 41.6 -0.04 400
10 26 52 -0.09 1000
The following table gives the expected distribution of durations of fades.
Table 2.3.7 Fade Duration Statistics
Duration (s) % of Time
0.1 99.57
1 98.5
10 94.9
60 93.5
90 89.2
120 85.4
240 73.5
600 53.1
A similar process will be applied to the rate of change of attenuation figures. If the fade 
depth at 11.6 GHz may be correlated with that at 20/30 GHz over a wide range of 
attenuation levels, then it follows that the rate of change of attenuation may also be 
correlated by the same factor. Hence the rate of change at 19 GHz will be around 2.6 times 
the rate at 11.6 GHz and the rate of change at 29 GHz will be around 5.2 times the rate at
11.6 GHz. This has been done in the table below.
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Table 2.3.8 Probability of Rate Exceeded
Probability % Rate not Exceeded (dB/s)
12 GHz 19 GHz 29 GHz
99 0.5 1.3 2.6
98 0.4 1.0 2.1
95 0.3 0.8 1.6
90 0.25 0.65 1.3
80 0.14 0.36 0.73
70 0.07 0.18 0.36
50 0.04 0.10 0.21
10 0.01 0.02 0.05
For a propagation delay of 1/4 seconds, 99% of fades will have developed by less than 0.7 
dB at 29 GHz and by less than 0.35 dB at 19 GHz.
2.4 Olympus propagation measurements
The Olympus satellite carries a propagation payload that provides beacons at 12,20 and 30 
GHz for studies of the 20/30 GHz band. Since launch in June 1989, these beacon signals 
have been recorded by a number of experimenters throughout Europe. The OPEX 
organisation, sponsored by ESA, intends to collate the results of these propagation 
experiments. Owing to Satellite problems, few experimenters have more than 12 complete 
months of recorded data and the statistical database is therefore limited. However, many 
effects have been noted and reported at the bi-annual meetings of the group. Those results 
presented, of particular relevance to the operation of small terminals in the 20/30 GHz 
bands are presented in this section.
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The three beacon experiment on Olympus has allowed frequency scaling studies to be 
carried out between 12,20 and 30 GHz. Frequency scaling is of particular importance to 
fade counter measure schemes that use beacon signals to assess the current level of fading. 
The OPEX results up to OPEX 16, (October 1991), indicate that the CCIR frequency 
scaling factors are reasonable and fit the measured data. However, there is significant 
variability during and between events. OPEX members FTZ, [8] have noted that some 
events appear to show hysteresis in the instantaneous scaling factor, ie the factor is 
different between the beginning and end of an event. The reason for this is not clear, but 
may be to do with the differing beam-widths of the measuring antennas. This effect is 
illustrated diagrammatically in Figure 2.4.1.
2.4.1 Frequency Scaling
For an individual fade the scaling factor may vary between the beginning and end of an 
event. The measurements were taken using two antennas, one at 12 GHz and the other at 
20/30 GHz. Considerable variability in the frequency scaling factor between events and 
during events was noted. Such variability will have a marked effect of fade detection 
accuracy when relying on beacons at other than the transmission frequency. Up-link power 
control systems, that rely on measurements of the down-link power to set their up-link
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power, will be forced to include margins to overcome the variation in the scaling factor. 
The amount of margin required will increase with the fade depth.
Measurements made by the University of Eindhoven [7], demonstrated that the standard 
CCIR relation (reports 721 and 338) viz:
0 (f2)
Attenuation(f2) = : Attenuation(fi)
fcHTi)
where
fl.72
Q ® = 1 + 3xlO-7P «  
gives a reasonable match to long term averaged data.
In general, the results of the Olympus experiments so far, indicate that at 20/30 GHz, a 
scaling factor of 2.2 should be used when scaling from 19 GHz to 29 GHz using the 
Olympus 20/30 GHz communications payload.
2.4.2 Cross Polar Discrimination
Measurements carried out by the Politecnico de Milano and presented at the OPEX 15 
meeting [13] suggested modifications to the rain XPD calculations. The CCIR formula for 
deducing the XPD from the co-polar attenuation, from section 2.3.4 is given as:
XPD = U(f, e ,x ,K) - V(f) log(oc) 
where for 20/30 GHz in the UK, V=23 and U19Ghz=41.2, U29ghz=46.7.
The Italian results agree with the values for U, but suggest a value for V of 18. This would 
imply that the rain XPD, over 99.9% of the year for a typical UK site, with attenuations of 
6 dB at 19 GHz and 12 dB at 29 GHz, would have an XPD of 27.2 dB at 19 GHz 
(CCIR=23.3) and 29.7 dB at 29 GHz (CCIR = 25 dB).
58
Measurements made at Eindhoven University, in the Netherlands [7] using the 12 GHz and 
30 GHz beacons support the Italian measurements, giving values of V between 18 and 19, 
for long term averages though with considerable scattering. Ice was noted as causing 
severe XPD degradation with little co-polar attenuation. This effect is thought to be due to 
differential phase shift caused by ice crystals. The CCIR ice prediction, from these 
measurements would appear to be incorrect.
From af> Olympus fade counter measures point of view, XPD is of little importance, as 
frequency re-use by orthogonal polarisation is not employed and no other satellites near 
the Olympus orbital slot share transponder channel frequencies. It is however important to 
realise, that fade restoration techniques such as up-link power control, are likely to 
increase the level of cross polar interference.
2.4.3 Fade Duration & Interval
Measurements made over the 3 month period January - March 1990, at Copenhagen by 
Telecom Denmark [10], are given in the tables below, the duration is given in seconds and 
is based on the number of events of duration >2 seconds. More scintillation was noted at 
20 GHz than at 30 GHz. As the same antenna was used, the averaging factor at 20 GHz is 
lower than at 30 GHz. 20 GHz signals are also more affected by the water vapour 
resonance at 22 GHz. Scintillation may account for the differing durations between scaled 
fades at 20/30 GHz, ie 1 dB at 20 GHz vs 2.2 dB at 30 GHz.
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Table 2.4.1 Fade Duration , Copenhagen Jan-M(ar 1990
Attenuation 20 GHz 
Median Mean
30 GHz 
Median Mean
ldB 4.5 47.8 5 59.5
2 dB 4.5 27.4 6 80.5
3 dB 5 19.4 8 60.7
5 dB 9 27.5 14 44.8
7 dB (90) (90) 19 37.9
Measurements R++ also made of fade interval, Ie the expected time after the end of one 
fade before another fade can be expected. This is of importance to systems design as the 
number, frequency and duration of outages, are key system specification parameters. The 
type of user data service that can be accomodated depends critically on these factors. 
Figures are presented for 30 GHz only, but these can be applied to 20 GHz by 
appropriately scaling the threshold level as the fading considered is principally owing to 
rainfall and therefore affects both frequencies. Scintillation is obviously likely to affect the 
interval data, especially at low thresholds. This is an important effect from a systems 
engineering point of view. The values given in table 2.4.2 are approximate as they are 
taken from graphs presented in [10].
Table 2.4.2 Fade [ntervals, Copenhagen Jan-Mar 1990
Attenuation Intervals below level 
Median
Time below level 
Median
ldB 8 seconds 580 hours
2 dB 8 seconds 290 hours
3 dB 12 seconds 120 hours
5 dB 32 seconds 60 hours
7 dB 64 seconds 30 hours
60
The attenuation owing to clouds at 20/30 GHz in much less than that owing to rainfall. 
However, as clouds are present for much more of the time, cloud attenuation is of 
particular importance to low availability systems, operating with low margins. Fade 
counter measure schemes, aim to operate at all times with the minimum margin able to 
provide the desired service quality in order to maximise channel efficiency. Therefore an 
estimation of the effects of clouds is necessary. Large cumulous clouds, that cause 
attenuation by virtue of their high liquid water content and XPD degradation by the effects 
of ice crystals in addition to liquid water, also contain cells of varying humidity and 
therefore variable refractive index that move in turbulent airflows. The presence of these 
cells of varying refractive index leads to scintillation adding to the attenuation and XPD 
degradation.
Measurements made in Finland and Europe by radiosonde and radiometer, of the liquid 
water content of clouds, has allowed a prediction model to be developed [9]. Statistics of 
liquid water content in clouds for the worst 10% of the year have been produced in a 
manner similar to the CCIR rainfall climatic zones. Levels in the United Kingdom are in 
the range 0.4 to 0.6 kg/m2 and in the rest of Europe between 0.6 to 1.0 kg/m2. Taking a 
median value of 0.8 kg/m2 for Europe as a whole, then over 90 % of the year the cloud 
attenuation not exceeded may be calculated from the model.
0.819 fW  1 A t t e n u a t i o n ^ - ; - ^  —
h=(2+e’)/s”
Where W , is the liquid water content, F is the frequency in GHz and E is the elevation 
angle, s ’ and e” are the real and imaginary parts of the permitivity of water, taken at 0°C  
and the operating frequency.
2.4.4 Cloud Attenuation
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As part of a research contract, the author is responsible for the pre-processing of 
propagation data gathered at the Rutherford Appleton Laboritories in Oxfordshire. Data is 
collected from all three Olympus beacons at 12, 20 and 30 GHz. Cross-polar data is only 
measured at 20 GHz. The Dapper software [14] is used for the data processing. Owing to 
problems with Olympus only 6 Months of data (September 1991-March 1992) is available 
for all beacons. However this period included some interesting events from the viewpoint of 
fade counter measures.
Currently the data has not been fully analysed owing to software problems with Dapper 
[14], though it has been pre-processed. However the experience of pre-processing 
demonstrated that, as expected, fade events at 20/30 GHz can last for several hours though 
not at a high level of attenuation. Spot checks of frequency scaling parameters indicated 
that the ratio of fading between 20 and 30 GHz is approximately 2 but with some 
variability. The effect of clouds on signal amplitude at 30 GHz was noticed but only at a low 
level. The data gathering equipment does not include a cloud cover measurement so it is not 
possible to quantify the effect of clouds other than from notes in the station log. Rain fade 
events were noted to be generally preceeded by increased levels of background attenuation, 
often lasting for many hours. It is reasonable to assume that this attenuation was caused by 
clouds and light rain.
In figure 2.4.2 below, a graph of the attenuation measured at the Rutherford Appleton 
Laboratory at around 1 p.m. on 17 December 1991 is shown for the four Olympus beacon 
signals. The graph depicts 1 minute mean attenuation values, though the event was recorded 
as 1 second mean values. Bias removal has been performed by the Dapper pre-processing 
software. The lower curve shows 12 GHz attenuation, the second lowest shows 19 GHz 
attenuation for vertical polarisation, the third lowest 19 GHz attenuation for horizontal 
polarisation and the highest 28 GHz attenuation for vertical polarisation. When using 1
2.4.5 RAL DATA
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minute averages it appears that this event peaked at about 36 dB at 28 GHz and 16 dB at 
19 GHz in vertical polarisation, a ratio of 2.25. The duration of the event was about 30 
minutes, though the high attenuation event characterised by a rapid increase in attenuation 
lasts for only 5 minutes.
December 17 1991 Event
Time (Minutes)
Figure 2.4.2 17 December 1991 Fade Event
The following figure 2.4.3 shows the individual sample points recorded at the most severe 
part of the fade over a period of 200 seconds. The scatter evident in the 28 GHz plot is a 
function of the quantisation errors generated by the 16 bit integer resolution of the 
recording system and beacon receiver. It is not possible to assess what the maximum fade 
depth was at 28 GHz as it is outside the measurement capabiliy of the system, however by
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scaling from 19 GHz it would appear to be about 60 dB and would certainly lead to a link 
outage.
Time (Seconds)
Figure 2.4.3 December 17 1991 Fade Event Zoom
This event illustrates the difference and pitfalls of using one minute averages for 
propagation measurements. Scaled rain rate data with integration times of the order of 1 
second will also under-estimate peak levels. The maximum rate of fading therefore depends 
on what measurement criteria are used, for example dB/tenth„second, dB/second, 
dB/minute or dB/ten_second. All give different values that are applicable to different uses. 
From the plot it first appears that fade rates of over 10 dB per second are possible at 30 
GHz, however this is an artefact of the measurement method. Within the range of 
attenuation values where fade counter measures are effective, at around 10 dB attenuation 
and certainly no more than 20 dB attenuation, the rate during this event does not exceed 1 
dB/second.
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In conclusion, propagation on 20/30 GHz satellite links is primarily degraded by rainfall. 
From the point of view of the VSAT operator, it is not economic to incorporate a fixed 
power margin to supply a high level of link reliability to the end user. Therefore if VSATs 
are operated with low margins fade counter measures are required to boost link availability 
in applications where this is required. For most of Europe the attenuation suffered over the 
greater part of the year (80%) will be under 2 dB at both up-link and down-link frequencies. 
Higher availability s up to 95% do not require particularly large margins, however high 
availability's of 99.9% and above require prohibitively large margins. During very heavy rain 
attenuation will be much greater than can be countered by any VSAT system, at many tens 
of dB at 20 GHz with attenuation at 30 GHz being approximately double that at 20 GHz. 
However because such events are rare they only have a small effect on the overall system 
reliability. From measurements made as part of the OPEX program on Olympus the 
following conclusions can be drawn. The expected rate of change of fading to be 
compensated will not exceed 2 dB at 30 GHz and 1 dB at 20 GHz for 98% of fade events.
Frequency scaling can be used between 20 and 30 GHz with a maximum error of under 2 
dB for fades of up to 10 dB. The scaling factor for values in dB is approximately 2.2 but 
varies with and during events. The mean duration of fades (number of events) at 5 dB at 20 
GHz (11 dB at 30 GHz), the type of event that can be overcome by adaptive coding, is 
around 30 seconds (see Table 2.4.1) though fades can last for considerably longer or shorter 
periods, i.e. the duration is highly variable.
Clouds have a small effect on attenuation levels. As they are present for a large proportion 
of the time their effect is significant to low availability systems. Attentions owing to clouds 
and atmospheric humidity in general does not exceed 2 dB at 30 GHz for typical European 
paths. Clouds also cause scintillation and the effects of scintillation must be included in the 
link budget.
2.5 Conclusion
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From the OPEX measurements, the CCIR annual attenuation exceedance curves may be 
used at 20/30 GHz. These results require the point rainfall statistics at the site as an input, 
but if these are not available, the CCIR climatic map is a good substitute.
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3.1 System Equations Under Faded Conditions
3.1.1 Gain/Temperature Performance
Rain fading can reduce the efficiency of the earth station antenna system as the phase and angle 
of arrival of the wavefront is altered by variations in the refractive index of the troposphere and 
the amount of noise received from the atmosphere increases. Should rainwater cover the feed, 
or snow be allowed to collect on the dish, large gain degradations can occur. It is important to 
minimise or eliminate these effects in the design of the antenna system, possibly by the use of 
air blowers and heaters.
The magnitude of differential phase induced fading effects at 20/30 GHz has yet to be 
evaluated for small VSAT type systems at 20/30 GHz, though the CCIR recommendations are 
outlined in the previous chapter. Angle of arrival effects will also have little effect on smaller 
antennas owing to their wide beamwidth, the auto-track facility required by large antennas will 
help to overcome this problem, though step tracking systems based on satellite predictions will 
not. However, it is clear from Chapter 2, for a VSAT system and even a Hub station, with say 
a 3m antenna, these effects can be ignored.
The gain of an antenna may be calculated from the fonnula below, a typical antenna efficiency 
will be 60%.
3. Olympus Link Parameters
dB (1.1)
where:
Gant Antenna gain
D Antenna diameter
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Antenna efficiency
f Operating frequency
c Velocity of light.
The antenna gain given by (jl) is the maximum value along the boresight and will be degraded 
if the satellite is not along the boresight. As the half power beamwidth of a 1 metre dish is 
typically only 0.6° at 30 GHz, pointing errors are significant. The Olympus satellite station 
keeping specification should maintain the satellite orbit to within 0.07° of the nominal position 
(~190 W ), hence antennas of diameters = 3m  will require auto-tracking if the pointing loss is 
to be held to an acceptable level. The method for calculating pointing loss is given in equations
d2H 4).
A = j? metres ( 1.2)
©hp = - j ) -  degrees (1.3)
r 6r> r  
Lp =  -12.0 dB
.®hp.
(1.4)
where:
Antenna pointing loss
tihp Antenna half power beamwidth
Antenna pointing error owing to satellite perturbation,
initial pointing error and pointing stability.
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The system noise temperature is an important parameter in the calculation of the signal to noise 
ratio that will be attained on received satellite signals. The total system noise power is made up 
from contributions owing to both external and internal sources. External sources include the 
atmosphere, ground noise picked up in antenna side-lobes, cosmic sources and interference. 
Internal sources include feeder losses and front end amplifier noise. During a rain fade event, 
the internal noise levels should remain constant, but the noise received by the antenna will 
change.
The clear sky antenna noise temperature may be calculated from equation (13).
Tantclear = K 1Ts + ( l ± ^ ) T s + ( i ± ± i - ) T g Kelvin (1.5)
where:
Tantcjear = Antenna temperature for clear weather condition
Ts = Sky temperature at stated elevation angle and frequency
Tg = Ground temperature = Ambient temperature
Ki = Antenna beam efficiency (% power in the main beam).
The resultant temperature is greater than the sky temperature as some additional noise is 
received by the antenna side-lobes. Some side-lobes will be directed towards the earth at a 
temperature of 290K. The power received in the side-lobes is assumed to be proportional to 
the reciprocal of the antenna beam efficiency. In equation 1.5, it has been assumed that half of
3.1.2 System Noise Temperature.
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the side-lobes are directed at the ground and half at the sky, thus for a typical efficiency of 
60% [1], 80% of the antenna aperture will effectively receive noise from the sky and 20% of 
the aperture will effectively receive noise from the ground. With a sky temperature of 60K and 
a typical ground temperature of 290K, the antenna noise temperature is 106K.
When considering the performance of a satellite system, in the presence of rain fading, it is 
important to remember that the system noise temperature will be increased. This occurs 
because the antenna will receive noise from rain at a temperature of 270K rather than clear sky 
at 60K. If a rain fade develops, the increased antenna noise temperature may be calculated 
from equation ( 1 .6).
Tantrain=:r^antcleararain+ [ 1-0 - a rain]Train Kelvin (1.6)
where:
Tantrain -  Antenna system noise temperature in the presence of rain attenuation,
arain =  Inverse of loss from rain attenuation.
Train = Rain temperature.
This relation assumes that the antenna efficiency is reasonable (say 60%) and that the ground
(j_e,
temperature is close to the rain temperature. This should true for a well designed system. The 
system noise temperature may now be calculated from (1.5) and (1.6) and by also considering 
the noise contributions of the feed and receiver.
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Tsystem = ofeederTant + [ l *0 - cxfeeder] Tfeeder + [F - 1-0] To Kelvin (1.7)
where:
Tsystem
Tant
Tfeeder
^feeder
To
F
System noise temperature.
Antenna noise temperature.
Feeder temperature = Ambient temperature. 
Inverse of receiver feeder loss.
Ambient temperature.
Receiver noise figure as a ratio.
Equation (1.7) may be used to evaluate the receiving system noise temperature for various
of
down-link fade conditions by appropriate selection antenna noise temperature from (1.5) & 
(1.6). If the receiver LNA is mounted close to the antenna, so that the feeder loss is negligible, 
the term afeeder in equation (1.7) is unity and the second term on the RHS of equation (1.7) 
drops out.
Tsystem — Tant+ [F - 1 .0 ] Tq Kelvin (1-8)
If for example an antenna of 1 metre diameter and 60% efficiency is used, with a receiver 
mounted at the feed with negligible feed loss and a noise figure of 6 dB, the system noise 
temperature may be calculated against down-link rain attenuation. The result of this calculation 
is tabulated in Table 3.1.1 below, assuming a rain temperature of 275K and a sky temperature 
of 60K.
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Table 3.1.1 VSAT System Receive Noise Temperature vs Fade Depth
Fade Depth (dB) 0 2 4 6 10 12 14 16 20
Sys Temp (K) 970 1033 1073 1099 1125 1131 1135 1138 1140
When calculating the G/T degradation for the TDS-6 [14] earth station, it is not necessary to 
derive the system noise temperature from equations (1.5) to (1.7), as a simplified method for 
determination of the system noise temperature is shown below.
Tsystemrain -  Tsystemdear + [ l -9 ~ a rain] Train Kelvin (1.9)
The clear weather system figure of merit (G/T) and antenna gain for the TDS-6 earth station are 
specified as 25.5 dB/K and 52.6 dB respectively. The clear weather system noise temperature 
is therefore:
Tsystemdear = <52-6 “ 25*5> = 27A dBK = 513 Kelvin* (L1°)
This system has been applied in the following sections in the calculation of link budgets for 
Olympus paths.
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The high power amplifier used in satellite transponders is generally a travelling wave tube 
(TWT). These devices exhibit non-linear gain and phase characteristics when operated at close 
to their maximum (saturated) power output. Because of power efficiency considerations, 
satellite TWTs must be operated at close to their saturation point. A balance is made between 
obtaining maximum transponder output power and the adverse effects of signal distortions 
resulting from the TWT non-linearities.
With the TWT operating at near saturated output, the principle effect of the non-linear gain 
characteristics is to compress the dynamic range of the input signal. This is of little 
consequence for a constant envelope power single frequency input signal such as PSK as long 
as the phase non-linearity is not to?severe. With multi-carrier operation, intermodulation 
products are generated by mixing between the input carriers. If there are only a few carriers, it 
is usually possible to choose the carrier frequencies such that the intermodulation products 
generated do not cause interference to the wanted output signals. With many carriers, this is no 
longer possible and the operating point of the TWT must be set to ensure that the level of 
intermodulation products is tolerable. This is achieved by reducing the output power so that the 
tube is operating in its quasi-linear mode, which lies between, in terms of output power, the 
linear mode and saturation. Satellite TWTs are often only linear at powers many times less than 
the saturated output.
Because of the effect of gain compression, a link that suffers an up-link fade may be degraded 
more than would be the case for a linear transponder. In order to assess this effect a simulation 
has been run on a model of the Olympus 20/30GHz transponder using the BOSS package [2].
3.1.3 Transponder Gain Compression
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An example of a BOSS model, for the assessment of C/I for a non-linear TWTA is shown 
below.
Power (dB
12 dB Backoff TWTA -  C /I=23.2 dB
-50. —Lj—i—r r ■ 11"{—r—t—T-t—|—i- rh—i—|—FH—i—i—j—i—tH—i '| "’t -i—i—f
-150. -100- -50. 0. 50. 100. 150.
Frequency (Hz.) X 10**3
Frequency (Hz.) X 10**3
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The results of the BOSS simulations for various levels of fading, channel spacing and 
transponder operating point, have been compared with measurements taken using a ground 
based satellite link simulator. The results of these studies are presented in chapter 7, however 
the general conclusion from these studies, is that for a PSK type system, with a channel 
spacing of >1.4 x symbol rate, a margin of the order of 3 dB is sufficient to account for the 
degradations owing to the Olympus satellite and earth station SSPA, for a typical VSAT type 
network. This value assumes a multi-carrier environment, with a transponder output back off 
of more than 5 dB and a nominal up-link fade level of 7 dB. The transponder should not be 
run near saturation in the multi-carrier case, as faded up-link carriers easily become swamped 
by intermodulation effects. In the case of a network with few up-link carriers, the principle of 
Babcock spacing [13] can be applied. In this scheme, carrier frequencies are arranged so that 
intermodulation products do not fall on carrier frequencies. In the proposed DICE system, this 
principle is applied to allow the transponder to be operated closer to saturation than could be
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the case without Babcock spacing, allowing greater down-link rain margins to be achieved. 
Babcock spacing is however very inefficient in bandwith usage.
3.2  Olympus Specifications
Olympus is a large, geostationaiy communications satellite positioned at 193 west This orbit is 
to be maintained to within a 0.07° box about the nominal orbital position. The satellite antenna 
pointing will be maintained to within 0.2°. Satellite attitude is held to within 0.1° pitch and 
0.5° roll. Sufficient fuel is available for 3 years operation. The bus power is now 1.5 kW, 
reduced from the original 3 kW owing to the failure of the south solar array. Sufficient power 
is available to operate all payloads, but not simultaneously. The satellite carries a two channel 
direct broadcast television payload, a 12-14 GHz specialised services payload, a 12/20/30 
GHz beacon payload and the 20/30 GHz communications payload. Details of the payloads, 
with the current status and operating schedules are available from ESA [3].
The payloads of interest to 20/30 GHz studies, include the 20/30 GHz transponders and the 
12/20/30 GHz beacons. In the following section, the key operational parameters of these are 
outlined.
3.2.1 20/30 GHz Communications Payload
The 20/30 GHz payload [4] consists of two independently steerable spot beam antennas of 
0.825 m in diameter, each with a 0.6° nominal coverage. These spot beams may be positioned 
over any part of the visible globe as seen from the Olympus orbital position at 19° W . The
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antenna half power beamwidth is approximately l°a t 30 GHz and 1.2° at 20 GHz. The 
transponder consists of two receivers (one spare) and three transmitters (one spare). The two 
wideband receivers are coupled to the antennas via an input multiplexer. One receiver is 
operational, the other is maintained in case of failure. Signals are converted to an intermediate 
frequency of 4 GHz, with a bandwidth of 700 MHz. Automatic level control (ALC) may be 
applied at the IF, with a range of over 12 dB in steps no greater than 3 dB. In ALC mode, 
saturation will be maintained for an input level variation of more than 10 dB. The maximum 
TWTA output power is 30 Watts. Two channel filters of 40 MHz bandwidth are positioned at 
opposite ends of the passband. The output from either of these channel filters can be connected 
to any of the three 20 GHz transmit chains. For wideband operation, the 40 MHz channel 
filters may be bypassed allowing the full 700 MHz bandwidth to be used. Linear polarisation 
is used, in the opposite sense between each spot beam.
Centre Frequencies (MHz) Bandwidth (MLtz)
Up-link Down-link Narrow Wide
Channel 1 28072.255 18925.000 40
Channel 2 28347.255 19200.000 700
Channel 3 28622.255 19475.000 40 _
Table 3.2.1 20/30 GHz Payload Frequency Plan
The noise figure of the satellite receiver is 7.6 dB maximum for the narrow band channels and
8.2 dB maximum for the wideband channel, the G/T at the beam centre for narrow band 
operation is 10.2 dB/K minimum on boresight and 7.7 dB/K minimum over the coverage area. 
The antenna gain is 42.6 dB on boresight and 40.1 dB over the coverage area. The input 
power for saturation is adjustable from -92 dBW to -104 dBW without ALC and from -92 
dBW to -114 dBW with ALC. The stability of the input power for saturation is specified as
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2.2 dB at beam centre and 4 dB at the edge of the coverage area. A  10 dB over satuartion is 
tolerable without damage to the transponder.
The transmitter antenna gain is 42.2 dB on boresight and 40.1 dB over the coverage area. The 
saturated EIRP is 53.7 dBW with a lifetime stability of 1.8 dB on boresight and 52.1 dBW  
with a lifetime stability of 3.3 dB over the coverage area. Frequency stability is 1.5 KHz over 
any minute, 25 KHz over 3 years. AM/PM conversion is less than 6°/dB for any drive level 
from saturation to 20 dB input back-off. These figures tabulated below.
Table 3.2.2 Olympus Ka Band Receiver Parameters
Polarisation X
Antenna gain (beam centre) 42.6 dB
Antenna gain (0.6° coverage) 40.1 dB
Noise figure Narrow band 7.6 dB
G/T (beam centre) 10.2 dB/K
G/T (0.6° coverage) 7.7 dB/K
Input power for saturation (NO ALC) -92 dBW to -1 0 4  dBW
Input power for saturation (With ALC) -92 dBW to -1 1 4  dBW
IPS Stability (beam centre) 2.2 dB
IPS Stability (0.6° coverage) 4.0 dB
Overload margin 10 dB
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Table 3.2.3 Olympus Ka Band Transmitter Parameters j
Polarisation Y
Antenna gain (beam centre) 42.2 dB
Antenna gain (0.6° coverage) 40.1 dB
EIRP (beam centre) 53.7 dBW
EIRP (0.6° coverage) 52.1 dBW
AM/PM Conversion (0 to -20 dB ipbo) < 6°/dB
Translation Stability (over 3 years) 25 kHz
Translation Stability (over 1 minute) 1.5 kHz
EIRP lifetime stability (beam centre) 1.8 dB
EIRP lifetime stability (0.6° coverage) 3.3 dB
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Table 3 .2 .4 Olympus Ka Band Antenna Pointing
Coverage Contour Variation owing to 0.2°  beam pointing error
Positive Negative
0 dB (beam centre) -ldB
ld B +1 dB -2 dB
2 dB +1 dB -2 dB
3 dB(EOC Transmit) +2 dB -3 dB
4 dB (EOC Receive) +2 dB -4 dB
5 dB +3 dB -5 dB
Table 3.2.5 Transponder Amplitude linearity characteristic
Input back-off Two carrier 3rd order C/IMP
0 dB 8.2 dB
7 dB 14.7 dB
12 dB 24.0 dB
17 dB 35.0 dB
The foregoing specifications were prepared before the launch of the satellite and have been 
used in the system design calculations presented in this thesis. Following the successful launch 
of Olympus, revised specifications have been distributed by ESA [12] and these are presented 
below and have been used in the planning and simulations for the fade counter measures 
experiment. The transponder is generally performing better than its specification, especially 
with regard to power output and coverage area.
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Table 3.2.6 Measured Olympus Performance Figures
Real beam centre performance EIRP G/T
Spot 1 CHI (Configuration B3) 56.87 dBW 14.77 dB/K
Spot 2 CH3 (Configuration B2) 56.08 dBW 14.27 dB/K
Table 3.2.7 Amplitude linearity characteristic (worst case mode B4)
Input back-off Two carrier 3rd order C/IMP
0 dB 9.60 dB
7 dB 17.80 dB
12 dB 26.90 dB
17 dB 34.80 dB
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Olympus carries a 12/20/30 GHz beacon payload [5] to aid in the study of propagation at these 
frequencies, to allow the planning of future satellite communications systems. The three 
beacons are derived from a common reference and are therefore phase coherent. The 20 GHz 
beacon is toggled in polarisation between X  and Y  at a frequency of 933.000525 Hz. This 
allows a full characterisation of the transmission matrix to be made.
The following Table 3.2.8 gives the measured specification of the Olympus beacon payload. 
Measurements were made at the REDU earth station.
3.2.2 Beacon Payload
Table 3.2.8: Olympus Propagation Package Measurements
B 0 B IX B 1Y B2
Nominal Frequency (GHz) 12.501866 19.770393 19.770393 29.655589
EIRP (dBW) Averaged over 24 hours 13.1 31.7 31.7 27.7
EIRP variation (dB p-p over 24 hours) 0.25 0.4 0.4 0.86
Cross polar isolation (inc earth station) 35 >43 >43 _
Frequency offset (kHz av over 24 hours) -1.77 -2.80 -2.80 -4.20
Frequency variation (kHz p-p over 24 hrs) 0.30 0.49 0.49 0.74
The 20 GHz and 30 GHz beacons are particularly suited to propagation measurements to aid in 
fade counter measures. As the 20 GHz beacon is close in frequency to the 20 GHz transponder 
output, it is possible to design an Earth terminal to detect this beacon at little additional cost. At 
the University of Surrey, a CODE type terminal [6] has been modified to allow reception of the
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19.77 GHz beacon. This terminal is more fully described in Chapter 7. The terminal is only 
capable of receiving one polarisation, though this does allow both co-polar and cross-polar 
measurements to be made. Measurements indicate that a beacon C/No of 63 dBHz is attainable 
using this system. As the terminal uses an un-tracked antenna, the movement of Olympus 
within the specified orbit allocation leads to a diurnal variation in signal strength of the order of 
2-3 dB over 24 hours. The exact level of variation is dependant on the satellite orbit. It is 
important not to equate this variation to propagation impairments, though a fade counter 
measures system can enhance the efficiency of a link by compensating for the satellite EIRP 
and G/T variations caused by diurnal movements.
3.3 Olympus Liuk Budget Calculations
3.3.1 Basic Parameters
To design a satellite link it is necessary to calculate a set of link budgets, taking the transmitter 
EIRP, transponder characteristics, earth station G/T, intermodulation with other carriers, 
interference and propagation effects into account to derive the resulting carrier to noise ratio 
and hence bit error rate at the receiver. These calculations may be made by hand but as frequent 
re-calculation is often necessary to cover variations in the performance of the system 
components and to asses the effect of fade counter measures, are best performed by using a 
computer model. A  model has been developed to calculate link budgets for links through 
Olympus for a range of earth station types. The model calculates the link budget as follows.
Firstly the earth station EIRP in decibels is calculated, taking the transmitter power (dBW), 
feed losses (dB) and antenna gain (dB). The EIRP in the direction of the satellite is found from 
the maximum EIRP by subtracting any gain loss owing to dish positioning errors and satellite 
orbital purturbations. A margin is subtracted from this amount to account for atmospheric 
attenuation, this is often taken as the total atmospheric attenuation not exceeded over 80% of
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the year and is typically in the range of 1-2 dB at 20/30 GHz, depending principally on 
elevation angle and frequency. From this the free space loss due to the 36000 km distance to 
the geostationary orbit is deducted. This may be calculated from the relation:
Where X is the wavelength and d the distance from the earth station to the satellite. At 29 GHz 
the free space loss is 213 dB. At 19 GHz it is 209 dB.
The resulting figure is the input power flux to the satellite. To this is added the gain of the 
satellite receiving antenna in the direction of the earth station, giving the input power to the 
satellite. Subtracting the satellite noise temperature (in dBK) gives the carrier to noise 
temperature ratio of the up-link.
The power transmitted by the satellite is found from the transponder characteristics. Firstly the 
total input power to the transponder from all earth stations plus the total input noise power over 
the transponder bandwidth (noise power = -120.2 dBW for Olympus) is calculated. This gives 
the operating point of the transponder, which should be less than or equal to the input power 
required for maximum saturated output
The operating point sets the transponder gain and the signal output power may be calculated 
from the transponder power transfer characteristic. If more than one carrier uses the 
transponder, then the level of intermodulation and interference caused by any non-linearity of
Free Space Loss =
the transponder must be assessed. This is not a trivial problem and generally requires computer 
modeling. When the transponder EIRP in the direction of the earth station has been found, the 
down-link carrier to noise temperature is calculated in the same manner as for the up-link.
These figures may be converted into a carrier to noise ratio by subtracting Boltzmann’s 
constant (-228.6 dBW/HzK). The final carrier to noise ratio may be calculated from the 
relationship:
Where the values are expressed in anti-logarithmic form.
From the carrier to noise ratio it is possible to estimate the bit error rate, but care must be used, 
as a margin must also be included to cover the degradations caused by non-linear amplification 
and the phase noise and spurious responses of satellite and earth station local oscillators. In 
the CODE experiment [6] this margin was set to 3 dB.
The process of calculating link budgets is best presented by using an example.
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In this section the calculation of the link budget for the ESA DICE experiment [7] is 
undertaken as an example. DICE is an acronym for the Direct Inter-establishment 
Communications Experiment, an experimental 20/30 GHz Video-conferencing system, using 
TDS-6 type earth terminals and with a data rate of 2 Mb/s. The maximum permissible bit error 
rate is IO*6 though the system would normally work at IO-8. A  maximum of four stations are 
to be networked together through one of the Olympus 20/30 GHz transponders.
3.3.2.1 Propagation Environment
The figures that have been taken are those given for Martlesham Heath, located near Ipswich 
on the East coast of England. The actual depth of fade measured against time will of course 
vary according to location. In Europe, the 99.8 % figure varies from 6.6 dB in the UK to
14.5 dB in Italy. For the DICE experiment, Lostock, being located near the North West coast 
of England where rainfall is high, will suffer more from fading than the other two locations.
3.3.2 A Link Budget Example - The ESA DICE Experiment
Table 3.3.2.1 Averaged Propagaltion Environment for DICE
% Average Year Exceeded 5 80 99 99.8 99.9 99.99
20 GHz Attenuation (dB) 0.7 2.0 2.7 3.6 6.0 15.5
30 GHz Attenuation (dB) 0 .7 2.0 4.3 7.5 12 27
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The effective G/T of the receiving earth station will be degraded when rain fading occurs (see 
propagation chapter 2). This is because the rain temperature (around 275 K) is significantly 
higher than the background sky temperature under clear sky (60 K). Table 33 .2 .2  Gives 
values of G/T for various attenuation figures when using the TDS-6 .
3.3.2.2 G/T Degradation Owing to Rain Fading
Table 3.3.2.2 TDS-6 G /T (Accounting or Rain Fade Idegradation)
Rain Attenuation (dB) 0 0.7 2 4 6 8 10
G /T  dB/K 25.5 25.2 24.7 24.3 24.1 23.9 23.8
Noise Temp (dBK) 27.2 27.5 28.0 28.4 28.6 28.8 28.9
The G/T tends to 23.5 dB/K for larger attenuations as the antenna sees mostly rain at 275 K. 
The rain attenuation has little effect on the satellite G/T as the antenna sees the earth at 290 K 
all the time. The size of rain clouds when compared with the spot coverage area is small.
3 .3.2.3 Satellite Output Back-O ff
It is necessary to back off the output of the Olympus transponder. This is required as the non- 
linearity of the final stage TWT causes intermodulation products between the three carriers 
passing through it. The level of this intermodulation noise increases rapidly as the saturation 
point is approached.
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In the case of DICE, the link budget has been optimised to allow a maximum of four carriers, 
with transmission frequencies spaced to minimise intermodulation effects. At present, only 
three stations are proposed, however the link budgets are designed assuming the inclusion of a 
fourth terminal. The transponder gain is set such that in clear weather the multi-carrier input 
back off for each carrier is 8 3  dB which provides 13 dB of margin against over saturation
[2]. With this configuration, the effect of intermodulation will be small when compared with 
thermal noise contributions and may be neglected in the calculation. The frequency plan is 
given below:
Table 3.3.2.3 DICE Frequency Allocations (4 Carrier Optimised)
Earth Station Channel I (MHz) Channel 3 (MHz)
Bristol 28060.873 28610.873
Hatfield 28064.125 28614.125
Lostock 28070.629 28620.629
Other 28083.637 28633.637
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The Up-link earner to noise ratio can be calculated for a TDS-6 to Olympus link. Note that no 
fade margin has been allocated as this will be calculated later.
3.3.2.4 Up-link Carrier/Noise Calculation
Table 3.3.2.4 TDS-6 to Olympus Up-link Budget
Frequency 28.072 GHz
Transmitter Saturated EIRP 77 dBW
Transmitter Back O ff - 1.0 dB
Pointing Losses -2.0 dB
Free Space Loss -213.0 dB
Atmospheric Loss 80% -2.0 dB
Satellite Antenna Gain (min) 40.1 dB
Satellite Input Power -100.9 dBW
Satellite Noise Temperature 32.2 dBK
Up-link C/T -133.1 dBW/K
This figure of -133.1 dBW/K, corresponds to a carrier to noise density power ratio of 95.5 
dB-Hz, much more than needed for a 2 Mb/s link. From this we may conclude that a large up­
link fade margin is available.
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The down-link carrier to noise ratio is now calculated, assuming a saturated transponder, but 
for the moment ignoring propagation effects. The saturated power is backed off by 9.3 dB to 
allow for three simultaneous carriers [7].
3.3.2.5 Down-link Carrier/Noise Calculation
Table 3.S.2.5 Olympus to TDS-6 Down-link Budget
Frequency 18.925 GHz
Satellite Saturated EIRP 51.7 dBW
Input Back O ff -8.3 dB
Output Back O ff -9.3 dB
Free Space Loss -209.4 dB
Atmospheric Loss 80% -2.0 dB
Receiver Antenna Gain 52.7 dB
Pointing Losses -1.3 dB
Received Power -117.6 dBW
Receiver Noise Temperature 27.2 dBK
Down-link C /T -144.8 dBW/K
This gives a down-link Carrier/Noise ratio of 83.8 dB-Hz, again a large margin is available.
PZ
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The down-link carrier to noise ratio is now calculated, assuming a saturated transponder, but 
for the moment ignoring propagation effects. The saturated power is backed off by 9.3 dB to 
allow for three simultaneous carriers [7].
3.3.2.5 Down-link Carrier/Noise Calculation
Table 3.3.2.5 Olympus to TDS-6 Down-link Budget
Frequency 18.925 GHz
Satellite Saturated EIRP 51.7 dBW
Input Back O ff -8.3 dB
Output Back O ff -9.3 dB
Free Space Loss -209.4 dB
Atmospheric Loss 80% -2.0 dB
Receiver Antenna Gain 52.7 dB
Pointing Losses -1.3 dB
Received Power -117.6 dBW
Receiver Noise Temperature 27.2 dBK |
Down-link C /T -144.8 dBW/K
This gives a down-link Carrier/Noise ratio of 83.8 dB-Hz, again a large margin is available.
The purpose of this section is to arrive at an optimised link budget taking into account the noise 
generated by all sources. The noise components are considered to be thermal and may be 
combined with the relation:
3.3.2.6 Optimisation - The Case for Power Control
Where the values are expressed in anti-logarithmic form. The values of all the parameters in 
the above equation vary according to how the budget is arranged. The interrelationships are 
complex and a graphical solution is usually used. In this case however to a first approximation 
we need only consider up-link and down-link contributions. The effect of intermodulation and 
interference is of little importance as long as the value of C/I is better than 90 dB-Hz, which 
will be the case if the suggested frequencies and power back-off levels are applied.
For 20/30 GHz, the ideal case will have a down-link margin equal to one half of the up-link 
margin, as that is the ratio of expected fade depths given by propagation data for a given 
location.
Firstly, the overall Carrier to noise density ratio required for the maximum bit error rate is 
calculated. For a 2 Mb/s QPSK signal, the data rate is 63.1 dB-Hz. The modem performance 
is specified as 1.88 dB below the ideal, for a one in 10^ error rate this corresponds to 12.4
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dB, requiring C/N0 to be 75.5 dB-Hz. The required is C/No 8 dB lower than the maximum 
that can be achieved (83.5 dB-Hz), this 7.5 dB should be shared between the up-link and 
down-link to counter rain fading.
If an availability of 99.9% is required, then the up-link must counter fades of up to 12 dB and 
the down-link fades of up to 6 dB. Examination of the link budget shows that the system will 
survive a 6 dB down-link fade (reducing the down-link C/N by 6 dB). The effect on the 
system of up-link fading is more complex. A  fade of 12 dB will degrade the up-link C/N by 12 
dB to 83.5 dB-Hz, well above the minimum required of 76.2 dB if the down-link is un-faded.
The quasi-linear transponder power transfer characteristics will cause the down-link 
EIRP to be reduced by 12 dB, as the input back-off of the transponder increases. As the other 
networked stations are unlikely to be faded at the same time, the transponder operating point 
can not be adjusted to reduce this by increasing the gain. Hence fades on the up-link are 
transferred to reduced down-link EIRP and therefore reduced down-link C/N.
To get over this problem it is suggested that up-link power control be used in the DICE 
experiment. Under clear weather, all stations are backed off by 12 dB and control their 
transmit power during fades so that the input power to the transponder is held constant. Hence 
if an up-link suffers a 12 dB fade, the TDS-6 earth station transmitting that up-link increases 
power by 12 dB to compensate. The effect of this is to reduce the clear weather up-link C/N to
83.5 dB-Hz. Fades of up to 12 dB will have no effect on the quality of the up-link and the 
down-link EIRP will remain constant.
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It is possible to increase the amount of up-link fade tolerance by using a larger clear weather 
back-off. However this will reduce the fade margin of the down-link. Also if the transponder 
gain is made too large, the down-link will be dominated by a re-transmission of the 
transponder noise floor.
If 12 dB of up-link power control is used, giving an up-link C/N of 83.5 dBHz, then the C/N 
of the down-link must remain above 76.2 dBHz to maintain the overall C/N above 75.5 dBHz. 
This corresponds to a down-link margin of over 7 dB, which is equivalent to a rain fade 
margin of over 5.5 dB when the G/T degradation is included. Note that these values are 
additional to the 2 dB clear weather margin.
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The ESA have produced link budgets for a video-conference system similar in many respects 
to DICE in reference [7]. The locations chosen for the earth terminals are different, but a 
comparison may still be drawn. However before doing this, it is best to look at the differences 
between the systems. In the ESA example, four stations have been chosen located at ESTEC, 
ESOC, Graz and Como. The latter being a transportable station while the others are of type 
TDS-6. The Olympus transponder is set to the same operating point as for DICE, but the gain 
of the Olympus antenna is different This discrepancy is due to the geographical location of the 
earth stations. In DICE, all stations may be accommodated within the 0.6° spot beam coverage 
area, this is not the case in a more general experiment covering all of Europe. Pointing is 
optimised between the locations and the revised satellite characteristics are given in Table 
3 .3 .2 .7 .
3.3.2.7 Comparison with ESA Published Link Budgets
Table 3.3.2.7 Olympus Transponder Antenna Gain 
(Optimised for 4 Locations)
Station Location Up-link Antenna 
Gain (dB)
Saturated EIRP 
(dBW)
Beam axis 48.66N  09.35E 4 2 .6 5 3 .3
Com o 45.80N  09.08E 4 0 .1 5 1 .6
ESTEC 52.23N  04.43E 3 3 .1 4 6 .8
ESOC 49.52N  08.39E 4 1 .6 5 2 .5
Graz 47.07N  15.49E 3 4 .1 4 7 .8
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If the above differences are taken into account, the ESA Olympus link budgets agree with 
those calculated for DICE. It should be noted that the figures given in [7] are out of date as the 
Olympus transponder specification has been modified. The modification causes a loss in gain 
of 1.2 dB on the up-link and a loss of 1.7 dB on the down-link. The reason for the degraded 
performance is that a longer waveguide feed than anticipated was used. DICE calculations have 
taken this into account.
3.3.3 EXAM PLE 2 A  VSAT LINK
In this section, an example link budget is calculated for a VSAT-VSAT link. The data rate is 64 
kb/s, using BPSK modulation and the transmitter power is 250 mW. Antennas of 1.0 metre 
are assumed. This VSAT specification is the same as that of a CODE type terminal and the in- 
orbit test results for the Olympus specifications have been used.
Up-Link Calculation.
Transmission Frequency 
Antenna Diameter 
Antenna Efficiency 
Calculated Antenna Gain 
Up-Link Power (ldB comp)
Feeder Losses etc 
Pointing Loss 
Calculated EIRP
Atmospheric Loss (Typical Europe 99%)
Free Space Loss
Satellite Antenna Gain (at -3 dB contour)
Satellite Received power
28.08 GHz 
1.0 m
60%
47.2 dBi 
250 mW 
LOdB 
0.4 dB
39.8 dBW  
-4.0 dB
-213.2 dB 
39.6 dBi 
-137.8 dBW
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Satellite G/T (at -3 dB contour) 11.4 dB/K
Boltzmann’s Constant -228.6 dBW/dBk
Calculated Satellite Noise temperature -200.4 dBW/Hz
Calculated Up-Link C/No 62.6 dB Hz
Satellite Transponder Calculation
Carrier Spacing 2R
Typical Number of Carriers 10
Total Signal Power (10 @ 0.7  dB attenuation, average 1 dB contour, no -123.0 dBW
pointing loss)
Total Noise power in 40 MHz -124.4 dBW
Total Input Power -120.6 dBW
Single Carrier Level Below Total Input -17.2 dB
Input for Saturation -110.0 dB
Calculated Total Input Back Off -10.6 dB
Calculated Total Output Back-off -6.6 dB
Calculated Single Carrier Output Back off -23.8 dB
Maximum EIRP (at -3 dB Contour) 53.0 dBW
Single Carrier EIRP 29.2 dBW
Down-Link Calculation
Frequency 18.9 GHz
Free Space Loss -209.8 dB
Atmospheric Attenuation (99 %) -6:0 dB
Antenna Diameter 1.0 m
Pointing Loss 0,3 dB
Antenna Efficiency 60 %
Antenna Gain 44 dBi
Down-link Power -142.9 dBW
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Station Noise Figure
System Noise Temperature (Heavy Rain)
Down-Link C/No
4 dB
28.5 dBK
57.2 dBHz
Total C/No 56.1 dBHz
Data Rate
Implementation Margin
48.1 dBHz
3 dB
Eb/No 5.0 dB
Hence, the overall Eb/No achieved will be 5.0 dB, allowing a 3 dB implementation margin. It 
is clear from this that a VSAT-VSAT link, using the equipment described will be of marginal 
performance, at 99 % availability. Repeating the calculation with only 80 % down-link 
availability, (2 dB fade Vs 6 dB Fade), will give an overall improvement of 3 dB, allowing the 
user error rate to achieve the CODE specification of IO-8. From the calculations, it is clear that 
the system is limited by the performance of the down-link. This may be improved by 
increasing the size of the down-link antenna, or improving the efficiency. The down-link 
antenna currently in use at the University of Surrey, has a diameter of 1.2 m and is of high 
efficiency. This has increased the down-link antenna gain from 44 dBi to 45.6 dBi and has 
also increased the up-link antenna gain from 47.2 dBi to 49.7 dBi, improving the up-link 
margin, allowing the use of a 150 mW SSPA.
A  VSAT to VSAT link, such as this, with a marginal link availability, is a good case for a fade 
counter measure scheme such as adaptive coding. This is further investigated in chapters 5 and 
7.
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Methods have been presented to allow the calculation of the carrier to noise ratio achieved over 
an Olympus 20/30 GHz satellite link. The example of DICE has been used to illustrate the 
method for calculatiq| the link budget. These principles are applied in later sections, in order to 
evaluate fade counter measure schemes and in the design of the fade counter measures 
experiment. The key Olympus system parameters have been presented to assist in the 
calculation of the link budgets. The effects of transponder non-linearity, especially with regard 
to inter-modulation interference have been introduced and are investigated further in later 
sections.
3.4 Conclusion
Calculations based on the methods of this section, demonstrate that it is possible to operate a 
communications link at 20/30 GHz using modest antennas.
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4.1 Development of a Prototype 20/30 GHz VSAT
To support experimentation at 20/30 GHz using the Olympus satellite, a low cost small 
earth terminal has been developed by the University of Surrey (UOS). A  prototype terminal 
has been constructed by Ferranti International PLC [1] and demonstrated over the Olympus 
satellite. The aims of the project were to develop a terminal compatible with the ESA Co- 
Operative Data Experiment (CODE) [2], that was cheap enough to be afforded by those 
parties likely to use CODE, principally Universities and research departments. It was also 
felt that the terminal should be easily adaptable to other experimental applications and be 
UK manufactured in order to stimulate UK activity in the production of 20/30 GHz 
equipment. To achieve these aims considerable effort was put into developing the 
specification of the terminal to draw the optimum cost performance compromise. Several 
terminals have now been built to the specification. The flexible design approach has 
allowed the terminal to be used for other applications including the reception of television 
and the transmission of speech via both NBFM and using 9.6 kb/s speech CODECs. It has 
been used for several interactive demonstrations in Europe, Africa and Canada. The 
specification was later upgraded to 64 kb/s transmit to increase the utility as higher power 
SSPAs and lower noise LNAs became available.
In the following sections, the prototype terminal is described and the specification 
presented. Where available, measurements of the important station parameters are given.
4. A Prototype Ka-Band VSAT
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Extensive link budget analysis for the CODE experiment for links via Olympus [3] [4] have 
demonstrated that an EIRP of +37 dBW and a system G/T of 12 dB/K is sufficient to 
achieve a 99% link availability over most of Europe, with less power being required in the 
UK where fade events are less severe. Extensive studies of the availability of 30 GHz high 
power amplifiers (HPAs) and 20 GHz low noise amplifiers (LNAs) indicated that a suitable 
terminal could be most economically produced by using a UK 50 mW SSPA and a 6 dB 
noise figure LNA with a 1.2 metre diameter dish antenna. The following link budgets 
demonstrate this. A  minimum value of Eb/No of 9.3 dB is assumed, to give a bit error rate 
below IO-8 with a 3 dB implementation margin when using k=7 convolutional coding and 
Viterbi decoding [3].
The CODE system uses a 9.6 kb/s outbound link, which is transmitted as BPSK and using 
1/2 rate convolutional coding for good power efficiency. This low data rate and hence 
narrow bandwidth imposes strict frequency stability constraints on the VSAT transmitter. 
The frequency stability of the up-converter has therefore been set at 1 part in 10s per 24 
hours.
4.2 Link Budgets for Prototype Terminal
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Table 4.2 .1 : VSAT TO HUB LINK BUI>GET
U.O.S VSAT EIRP 37.0 dBW
Antenna de-pointing loss -0.9 dB
Atmospheric loss (99% of year) -5.0 dB
Free space loss -213.0 dB !
Satellite antenna gain 40.1 dB
Received signal power -141.8 dBW
Satellite noise temperature 32.4 dBK
C/Tuplink -174.2 dBW/dBK
Down-link signal EIRP 21.9 dBW
Free space loss -209.4 dB
Atmospheric loss (99.9% of year) -7.0 dB
Hub de-pointing loss -1.3 dB
Hub G/T 23.9 dB/dBK
C/Tdownlink -171.9 dBW/dBK
OTtotal -176.2 dBW/dBK
C/N 52.4 dB
Data rate 39.8 dBHz
Eb/No 12.6 dB
Margin 3.3 dB
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Table 4.2 .2 : HUB TO VSAT LINK BUDGET
Hub EIRP (including pointing loss) 73.0 dBW
Atmospheric loss (99.9% of year) - 12.0 dB
Free space loss -213.0 dB
Satellite antenna gain 42.6 dB
Received signal power -111.3 dBW
Satellite noise temperature 32.4 dBK
C/Tuplink -141.8 dBW/dBK
Down-link signal EIRP 48.5 dBW
Free space loss -209.4 dB
Atmospheric loss (99% of year) -3.0 dB
VSAT de-pointing loss -0.4 dB
VSAT G/T 12.0 dB/dBK
C/Tdownlink -152.3 dBW/dBK
OTtotal -152.6 dBW/dBK
C/N 75.9 dB |
Data rate 63.1 dBHz
Eb/No 12.8 dB
Margin 3.5 dB
1 0 9
Low phase noise is a requirement for PSK, especially at low data rates and Figure 4.3.1 
gives the specification that was eventually placed on the VSAT transmitter. This 
characteristic is quite difficult to achieve at 30 GHz and it is possible to reduce this 
specification by accepting some reduction in MODEM performance. The return link from 
the CODE Hub to the VSAT is at the much higher data rate of 2 Mb/s, QPSK modulated, 
using 1/2 rate convolutional coding. This has allowed the frequency stability and phase 
noise specification of the receiver to be relaxed, reducing the cost.
The phase noise performance of an oscillator is usually described in terms of the single 
sideband phase noise level below the carrier, i.e. dBc/Hz (independent of bandwidth). The 
phase noise characteristics of an oscillator can be usually divided up into five regions of 
interest, with respect to the frequency offset from the carrier [5]. Starting very close to the 
carrier, where random walk frequency modulation dominates and decreases as f-4, then FM 
flicker noise dominates, decreasing as f‘3, then random walk phase modulation dominates 
decreasing as f"2, followed by flicker noise phase modulation, decreasing as f_1 and finally 
thermal white noise dominates at a constant level. The cut off point for each noise source 
depends upon the design of the oscillator. For the region greater than a few kHz from the 
carrier, the noise density is essentially flat and the limit is determined by the bandwidth of 
the first filter in the multiplier chain. The method used to calculate the phase noise 
performance of the VSAT/Olympus/TDS-6 chain is presented below. [3] [4][6]
4.3.1 Calculation of Phase Noise
The calculation of phase noise levels is important in the assessment of the likely 
performance of a PSK modulation scheme [5]. In the following section a method of 
calculation the total phase noise level is presented. Typically phase noise specifications are
4.3 Phase Noise Specification
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given in the form of a piecewise linear approximation. The total phase noise density and the 
amount of phase jitter may be calculated using these specifications.
The SSB phase noise density may be integrated from the carrier outwards to ascertain the 
optimum MODEM carrier recovery circuit phase locked loop bandwidth.
A  typical phase noise characteristic is presented in figure 4.3.1.1 below. It gives the total 
phase noise power integrated over a bandwidth of 1 Hz in dB below the total carrier 
power for frequency offsets from the carrier.
Frequency offset from carrier (Hz)
Figure 4.3.1.1 A Typical Phase Noise characteristic.
The characteristic is provided as a picewise-linear set of approximations. Using d> for 
phase noise density and F for frequency offset from the carrier:
<*>n = m Fd+ c
d>n is the phase noise density at frequency offset of Fn .
I l l
To calculate the average phase noise density between two frequencies, Fj and F2 we 
simply integrate the phase noise density between Fx and F2and divide by the frequency 
difference, F2 - Fr Noting that the values <I> and F are log values.
ft
■
I ®(F) .df
We can find m and c, in terms of O andF.
m— F2-F1 ’ c~ 1 ~ m
Remembering that the straight line fit is using decibel values and setting:
F = 101og(f), <£> =  101og((j))
<!> = 101og(c|)) =  m F + c = mlOlog(f) + c 
log(<|>) = mlog(f) + ™
so that
hence
so
hence, substituting
m , c
<l> =  i 0 i o f  +  1 0 T 0
tw m gr f  S’®
h
lt)araage= fio'io*’108®  + 1010 "df
112
w =  10 («‘» > ^ + _ ) [ f 2 ( ■ » ' ■ « - > > if ^  #  -1 
« W =  1 0 (dm) [lnf2 - Infi) if T O =-!
Dividing by the frequency range:
‘f’raar *»o«e - 101og(f2-fi) (in dB)
This process may be repeated over any frequency ranges, typically between the highest 
frequency still within the PLL bandwidth and the noise bandwidth of the IF passband filter. 
The cumulative SSB phase level noise is found by adding the contributions from the 
various piecewise linear segments, remembering to convert from dB.
l O t o g d O ^ '^ i O ^ i O ^ '10- )
The DSB phase noise level is 3 dB greater than the SSB phase noise level as the phase 
noise characteristics of the carrier are assumed symmetrical.
This double sideband phase noise figure can be converted to an equivalent phase jitter in 
radians by subtracting the DSB frequency span (AO from the double sideband phase noise. 
This results in a value of phase jitter in radians2:
giving
Jitter =  <()dsb - 10 l°giO (A f) radians2
113
The phase noise calculations for CODE were carried out by Mwanakatwe & Willis, as part 
of an ESA contract. A summary of the calculations is presented in [8] with more detail in
[7 ] .
The phase noise specification of the Olympus transponder [4], TDS-6 [6] and VSAT (from 
measurements made by author at RSRE Defford with a Hewlett Packard Phase noise testfv
set) [9] are presented in the graphs (figures 4.3.2.1 to 43.2.3). The specification for the 
VSAT was chosen to ensure acceptable implementation losses in the VSAT-Olympus-TDS- 
6 system.
4.3.2 CODE phase noise calculation.
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Figure 4.3.2.1 VSAT Phase Noise
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Frequency offset from carrier (Hz) 
Figure 4.3.2.2 TDS-6 Phase Noise
Frequency offset from carrier (Hz) 
Figure 4.3.2.3 Olympus Phase Noise
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The resultant phase noise performance of the VSAT-Olympus-TDS-6 link was found (by 
the method outlined in section 4.3.1) to be -67 dBc/Hz. The total phase jitter of the 
recovered carrier can be found as a mean square value by taking the sum of the squared 
phase jitter due to thermal sources and phase noise sources. So that
^total “  ^phase noise + t^hermal noise radianS~
The thermal noise contribution may be shown to be [5]
<f>2 -  -N o BL.radians2thermal noise v Es Rs raaians
where:
Rs -  channel symbol rate 
Bi = PLL noise bandwidth 
v = loop loss factor
Es/N0 = channel symbol energy to noise density ratio
The recovered carrier phase jitter for various values of PLL bandwidth were calculated for 
the 2Mb/s QPSK and 19.2 kb/s BPSK CODE signals and the results are shown in the 
tables below from [7].
Table 4.3.2.1: 2 Msymbols/s QPSK carrier jitter
PLL Noise BW 100 Hz 500 Hz 1 kHz 2 kHz 4 kHz 6 kHz 8 kHz 10 kHz
VSAT jitter 1 .8° 1.7° 1 .1° 1 .6o 1.6° 1.5° 1.5° 1.5o
Olympus jitter 4 .0° 2.3° 2 .0° 1 .8° 1.7° 1 .6° 1 .6° 1.5°
TDS-6 jitter 2.9° 2 .2° 1.9° 1.7° 1.5° 1.4° 1.3° 1.3°
Thermal jitter 0.2° 0 .4° 0.6° 0.8° 1 .2° 1.4° 1.7° 1.9°
Ref. carrier jitter 5.2° 3 .6° 3 .2° 3.0° 3.0° 3.0° 3 .0° 3 .1°
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Table 4.3.2.2 19.2 ksymbols/s BPSK carrier jitter
PLL Noise BW 100 Hz 200 Hz 300 Hz 400 Hz 500 Hz 600 Hz 700 Hz 800 Hz
VSAT jitter 1.3o 1 .1° 1 .1° 1 .0° 1 .0° 1 .0° 1 .0° 1 .0°
Olympus jitter 3.7o 2.5° 2. 1° 1.9° 1.7° I .60 1 .6° 1.5°
TDS-6 jitter 2.7° 2 .4° 2 .2® 2. 1° 2 .0° 1.9° 1 .8° 1 .8°
Thermal jitter 1.5o 2 .1° 2 .6° 3 .0° 3 .4° 3 .7 ° 4.00 4.2°
Ref. earner jitter 5.0° 4 .2° 4 .1° 4.2° 4 .4° 4.5o 4.7o 4.9°
N ote:
Thermal jitter is evaluated at Es/N0 = 93  dB 
From these calculations, the system phase jitter was shown to be less than 6°.
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T h e  s p e c if ic a t io n  f o r  th e  te rm in a l an d  th e  in te g ra t io n  o f  c o m p o n e n ts  w as  p ro d u c e d  a t the  
U n iv e rs ity  o f  S u rre y  b y  S S T  L td  an d  E R A , F e rra n ti a n d  T R L  p ro d u ce d  m a jo r  sub-system s 
f o r  th e  te rm in a l. I n  the  fo l lo w in g  ta b le , th e  m o re  im p o r ta n t s p e c ifica tio n s  o f  the  te rm in a l are 
p resen ted , a lo n g  w ith  th e  m easu red  p e rfo rm a n c e  o f  th e  p ro to ty p e  te rm in a l.
4.4 Brief Specification and Test Results of Prototype Terminal
T a b le  4 .4 . 1 : P r o t o t y p e  V S A T  S p e c i f t c a t io n  &  T e s t  R e s u lts
P a r a m e te r S p e c i f i c a t io n M e a s u r e m e n t
D is h  g a in  a t 30  G H z 47.0  d B i 49.7  d B i ;
D is h  g a in  a t 20  G H z 44.0  d B i 45.6  d B i
T ra n s m itte r  1 d B  C o m p re s s io n  p o in t + 17.0 d B m + 22.5  d B m
T ra n s m itte r  E IR P 34.0  d B W 40.2  d B m
R e c e iv e r N o is e  f ig u re < 6.0  d B 5.8  d B
R e c e iv e r G /T 14.6 d B /d B K 16.5 d B /d B K
T ra n s m itte r  fre q u e n c y  s ta b il ity 10 .0-8 < 10 .0-8
R e c e iv e r fre q u e n c y  s ta b il ity 10 .0-6 < 10 .0-6
M O D E M  im p le m e n ta tio n  loss 0.6  d B < 0.5  d B  S
T h e  g ra p h  p re se n te d  in  F ig u re  4 .4.1 sh o w s  th e  a m p litu d e  l in e a r i ty  response  m e a su re d  o n  
th e  C O D E  p ro to ty p e  V S A T ,  in p u t  p o w e r a t 750  M H z  lie s  a lo n g  the  h o r iz o n ta l a x is , w ith  28 
G H z  S S P A  o u tp u t p o w e r  a lo n g  th e  v e r t ic a l a x is . T h e  p o w e r  o u tp u t is  m e a su re d  a fte r  th e  
h a rm o n ic  f i l t e r ,  th e  1 d B  c o m p re s s io n  p o in t  o c c u rs  a t an  o u tp u t  o f  19 d B m . T h e  
m e a s u re m e n ts  w e re  ta k e n  b e fo re  th e  f in a l  m o u n t in g  o f  th e  S S P A  in  th e  te m p e ra tu re  
re g u la te d  e n c lo su re . F e rra n t i re p o r t th a t f in a l  te s t in g  o n  th e  co m p le te d  u n it  y ie ld e d  a 1 d B  
c o m p re s s io n  p o in t  o f  22.5  d B m  a t th e  S S P A /F ilte r  e n c lo s u re  o u tp u t f la n g e , th e  o u tp u t 
b e in g  d e p e ndan t o n  the  S S P A  o p e ra tin g  te m p e ra tu re .
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CODE V S A T  SSPA A M /A M  Characteristics
fi
•cf
o
CU
cu
o
I/P  Power (dBm )
F ig u r e  4 .4.1  V S A T  S S P A  P o w e r  A m p l i f i e r  C h a r a c te r is t ic s
4 .5  F u l l  T e r m in a l  S p e c i f ic a t io n
In  th e  f o l lo w in g  s e c tio n s , th e  f u l l  s p e c if ic a t io n  is  p re se n te d  f o r  th e  R F  s e c tio n s  o f  th e  
te rm in a l.  T h e  L o w  no ise  a m p lif ie r  and  h ig h  p o w e r a m p lif ie rs  are to  be  m o u n te d  a t th e  fe e d  
o f  th e  a n te n n a  sys tem  to  m in im is e  w a v e g u id e  losses. T h e  f i r s t  u p /d o w n -c o n v e r te rs  a re  to  
be  m o u n te d  o n  th e  d ish  fe e d  a rm , 750  M H z  I F  s ig n a ls  are to  be  passed across  s ite  b y  c o ­
a x ia l ca b le  to  an  in d o o r  e n c lo s u re  w h e re  th e  M O D E M  a n d  re s t o f  th e  R F  s u b -s y s te m  are 
lo c a te d  in  19 in c h  ra c k  m o u n tin g s . T h e  u n its  th a t a re  o u td o o rs  a n d  th e re fo re  o p e n  to  the  
e le m e n ts  s h a ll be  s u ita b ly  p ro te c te d  f r o m  th e  in g re s s  o f  m o is tu re  an d  th e  e x tre m e s  o f  
te m p e ra tu re  and  w in d .
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4.5.1 Receiver Specification
L N A  cen tre  fre q u e n cy  
L N A  b a n d w id th  
In p u t channe l cen tre  fre q u e n c y  
IF  O u tp u t fre q u e n c y  
C h a n ne l b a n d w id th  
N o m in a l in p u t p o w e r 
N o m in a l o u tp u t p o w e r 
3 rd  o rd e r in te rc e p t 
1 d B  o u tp u t g a in  c o m p re ss io n  
In p u t V S W R  
O u tp u t V S W R  
In p u t In te rfa c e  
N o is e  F ig u re
F re q u e n cy  S ta b il i ty  (24  h rs )
F re q u e n cy  A c c u ra c y
Im a g e  re je c tio n
C o n v e rs io n
I s t L O
2n d L O
W a rm  u p  tim e
G a in /fre q  response  C F +-18  M H z  
G a in /f re q  response  C F +-1 M H z  
G ro u p  d e la y  response  C F  +_18  M H z  
G ro u p  d e la y  response C F  +_1  M H z  
O u tp u t sp u rio u s  s igna ls  
A M /P M  co n ve rs io n  
S S B  phase n o ise
T em pera tu re
S o la r ra d ia t io n  (o u td o o r u n its )  
R a in fa ll  (o u td o o r u n its )
19.2 G H z  
>700  M H z
19.475 G H z  
70  M H z  
+-18  M H z  
-80 d B m
-10 d B m  (a d ju s ta b le  +-10  d B )
20  d B m  
10 d B m  
< 1.4:1 
< 1.5:1 
W G 20 
<6  d B  
<1  in  10-6 
10 k H z  
>50  d B  
d u a l p o s it iv e
18.725  G H z  (tu n e a b le  18. 1- 18.8 G H z )
680  M H z
20  m in u te s
< 2 .5  d B  p -p
< 0 .5  d B  p -p
<25  n S  p -p
< 5  n S  p -p
<-50  d B m /4  k H z
< 0.5  d e g re e s /d B
<-40  d B c /H z  @ 10 H z  f r o m  c a rr ie r  
<-65  d B c / I iz  @ 100 H z  f r o m  c a rr ie r  
<-75  d B c /H z  @1 k H z  fr o m  c a rr ie r  
<-95  d B c /H z  @ 100 k H z  f r o m  c a rr ie r 
<-105  d B c /H z  @  10 M H z  f r o m  c a rr ie r
-20°  to  + 40°  C  
800w /m 2 
20G m m /h r
O u t o f  b a n d  s ig n a ls , e s p e c ia lly  th o s e  f r o m  th e  k a -b a n d  tra n s m itte r , sh o u ld  be  s u f f ic ie n t ly  
sup p re sse d  so  as n o t  to  s ig n i f ic a n t ly  d e g ra d e  th e  p e r fo rm a n c e  o f  th e  re c e iv e r  to  th e  
fo l lo w in g  le v e ls .
10-18 G H z  -100  d B m
18-21 G H z  -80 d B m
21-27  G H z  -100  d B m
27-31 G H z  -30 d B m
>31  G H z  -90  d B m
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4.5.2 Transmitter specification
F re q u e n c y  (S S P A )
B a n d w id th  (S S P A )
F re q u e n c y  (C h a n n e l)
B a n d w id th  (C h a n n e l)
In p u t  fre q u e n c y
In p u t  p o w e r
In p u t  p o w e r a d ju s tm e n t
In p u t in te rfa c e
P o w e r o u tp u t (1 d B  co m p re ss io n ) 
M a x im u m  p o w e r o u tp u t (sa tu ra tio n )
3 rd  o rd e r in te rc e p t 
G a in
G a in  te m p e ra tu re  s ta b il ity  
A M /P M  c o n v e rs io n  
O u tp u t V S W R  
O u tp u t in te rfa c e  
N o is e  f ig u re
F re q u e n cy  s ta b i l ity  (24  h rs )
F re q u e n c y  s ta b i l ity  (30  days)
F re q u e n cy  a ccu ra cy
S p u rio u s  o u tp u ts  27 .5-31 G H z  ( id le  s ta te)
C o n v e rs io n
W a rm  up  t im e
L O l  fre q u e n c y
L 0 2  fre q u e n c y
L O l  a d ju s tm e n t
G a in /fre q u e n c y  response  C F +-18  M H z  
G a in /fre q u e n c y  response  C F +-1 M H z  
G ro u p  d e la y  response  
O u tp u t s p u r io u s  s ig n a ls  <27  G H z  
O u tp u t s p u rio u s  s ig n a ls  27-31 G H z  
O u tp u t s p u r io u s  s ig n a ls  >31  G H z  
Im a g e  re je c tio n  
S S B  phase n o is e
T e m p e ra tu re
S o la r ra d ia t io n  (o u td o o r u n its ) 
R a in fa ll  (o u td o o r u n its )
28.347 G H z  
>700  M H z  
28.07225  G H z  
+-18  M H z  
70  M H z  
-10 d B m  
+-10  d B
50  Q  B N C  
> 1 7  d B m  
> 1 9  d B m  
> 2 5  d B m  
27  d B
<3  d B  /  2^  C  
< 4  deg rees /dB  
< 1.5:1 
W G 22 
20  d B  m a x
1 i n  10® 
w ith in  8  k H z
2  k H z
<20  d B m /M H z  
d u a l p o s itiv e  
20  m in u te s  
27.322355  M H z  
680  M H z  
m echan ica l 
< 5  d B  p -p  
< 0.5  d B  p -p  
as fo r  re c e iv e r 
<-70  d B c  
<-60  d B c  
<-70  d B c  
>6 0  d B
<-40  d B c /H z  @ 10  H z  f r o m  e a rn e r 
<-65  d B c /H z  @ 100 H z  f r o m  c a rr ie r  
<-75  d B c /H z  @ 1 k H z  f r o m  c a rr ie r  
<-95  d B c /H z  @ 100 k H z  f r o m  c a rr ie r  
<-105  d B c /H z  @ 10 M H z  f r o m  c a rr ie r  
-20°  to  + 40°  C  
800w /m 2 
200m m /h r
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4.5.3 RF Unit Monitoring
T h e  s ta tus  o f  th e  e q u ip m e n t s h o u ld  be  in d ic a te d  b y  L E D s . C o n tro l fu n c t io n s  sh o u ld  be 
a v a ila b le  o n  the  f r o n t  pane l o f  th e  in d o o r  e q u ip m e n t ra ck .
C o n t r o l
A C  p o w e r  in p u t 
S ta n d b y /O p e ra tin g  
T ra n s m it G a in  
R e ce ive  G a in
M o n i t o r i n g
T ra n s m it  p o w e r o u tp u t 
R e c e iv e r 1s t IF  o u tp u t 
T X L O l  Phase lo c k  
T X L 0 2  Phase lo c k  
R X  L O l  Phase lo c k  
R X  L 0 2  Phase lo c k  
D C  p o w e r S ta tus 
D C  p o w e r m o n ito r  o u tp u t
4 .5.4  A n te n n a  S p e c i f ic a t io n
T y p e  
D ia m e te r 
R e ce ive  band 
T ra n s m it band  
R ece ive  ga in  
T ra n s m it g a in
O f f  ax is  re ce ive  g a in
O f f  a x is  tra n s m it g a in
P o la r is a tio n
X P D
Is o la tio n  
R e tu rn  loss  
In te rfa ce
T em pera tu re
S o la r ra d ia tio n  
R a in fa ll 
W in d  speed
M o u n tin g
E R A  D ia m o n d
1.2 m e tre
19.2 G H z  +-350  M H z
28.347 G H z  +-350  M H z  
> 4 4  d B i
> 4 7  d B i
W i th in  e n ve lop e  29 -251o g ©  d B i
W ith in  e n ve lop e  32 -251og0  d B i
L in e a r ,  o rth o g o n a l T X /R X
<-32  d B  on  a x is
<-24  d B  o f f  a x is
T X - R X  >40  d B  R X - T X >40  d B
>2 0  d B
W G 20  (R X )
W G 22  ( T X )
-20°  to  +40°  C
800w /m 2
20Q m m /h r
125 k m /h r  o p e ra tio n a l 
200  k m /h r  s u rv iv a l 
B a s ic  a z im u th /e le va tio n
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4.5.5 MODEM Specification
R X  fre q u e n c y
T X  fre q u e n c y
R X  p o w e r
T X  p o w e r
T X  p o w e r  s ta b il ity
R X  m o d u la tio n
R X  s y m b o l ra te
T X  m o d u la tio n
T X  s y m b o l ra te
R X F E C
T X F E C
D a ta  in te rfa ce
T X  b u rs t ga te
R X  im p le m e n ta tio n  loss
R X  a c q u is it io n  range
T X /R X  f i l te r in g
T X  co m p e n sa tio n
V S W R
T X /R X  in te rfa c e  
I F  fre q u e n c y  s ta b il ity  
M o n i to r  fu n c tio n s
E n v iro n m e n ta l (o p e ra tio n ) 
A S L
E n v iro n m e n ta l (s to rage )
70  M H z
50-90 M H z  (5k H z  steps)
-10 d B m  (n o m in a l)
-20 to  0  d B m  (0.5  d B  s teps)
< 0.5  d B  o v e r  te m p e ra tu re  range
Q P S K
2048  kb a u d
B P S K
19.2 k b a u d
1/2 ra te  k =7  V ite rb i
1/2 ra te  k =7  V ite rb i
T T L , V  10, V 11 ,G 703
s y n ch ro n ise d
< 0.6  d B
> 6 4  k H z
C O D E S P E C
s in x /x
< 1.5:1
50Q  B N C
<1  p p m  o v e r  te m p  range  
T X  fre q u e n c y  
R X  fre q u e n c y  
F E C  sta tus 
C a rr ie r  re co ve ry  
S y m b o l t im in g  lo c k  
F E C  B E R  
E b /N o
M o d u la to r  status 
D e m o d u la to r S ta tus 
D a ta  Rates
10° C  to  40° C  a t 95 %  h u m id i t y  < 2000m  
-40 ° C  to  + 60° C
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I n  a d d it io n  to  th e  b a re  m in im u m  s p e c if ic a t io n  a  fe w  a d d it io n a l fe a tu re s  h a ve  be e n  
in c o rp o ra te d  in  th e  te rm in a l d e s ig n  w h e re  these  c o u ld  b e  a c h ie v e d  w it h  o u t  a s ig n if ic a n t  
in c rease  in  costs. I t  w as  f e l t  to  be  p ru d e n t to  a l lo w  th e  te rm in a l to  be  c a p a b le  o f  l in k in g  v ia  
e ith e r  O ly m p u s  20/30  G H z  tra n s p o n d e r. C O D E  w i l l  o n ly  re q u ire  th e  te rm in a l to  use one  
tra n s p o n d e r, b u t  th e  p o s s ib i l i t y  o f  an  in  o r b i t  fa i lu r e  o r  a  la te  c h a n g e  in  th e  C O D E  
s p e c if ic a t io n  h a d  to  be  c o n s id e re d . T o  th is  a im , th e  u p -c o n v e r te r  a n d  d o w n -c o n v e r te r  
ch a in s  a re  o f  w id e  band  d e s ig n . A  fre q u e n c y  change  ca n  th e re fo re  be re a lis e d  b y  re p la c in g  
th e  a p p ro p r ia te  re fe re n c e  o s c i l la to r .  P ro v is io n  f o r  th e  use o f  an  e x te rn a l re fe re n c e  is  
p ro v id e d  b y  m eans o f  an e x te rn a lly  access ib le  l in k .
T h e  O ly m p u s  s a te llite  a lso  ca rr ie s  a beacon  p a y lo a d  a n d  the re  is  a beacon  s ig n a l a v a ila b le  a t 
19.77 G H z . A s  th is  is  less  th a n  400  M H z  a b o ve  th e  tra n s p o n d e r c e n tre  fre q u e n c y , th e  
re c e iv e r  L N A  a m p lif ie s  th is  s ig n a l. B y  e x te n d in g  th e  u p p e r fre q u e n c y  c u t  o f f  p o in t  o f  th e  
p o s t L N A  ban d  pass f i l te r ,  th e  beacon  s ig n a l passes th ro u g h  to  th e  f i r s t  IF  m ix e r  a lo n g  w ith  
the  s ig n a l f r o m  th e  O ly m p u s  tra n sp o n d e r. T h e  b e a co n  s ig n a l is  o u tp u t f r o m  th e  f i r s t  m ix e r  
a t 1.045  G H z  a n d  b u f fe re d  to  a f r o n t  p a n e l c o n n e c to r . T h is  sch e m e  has  a llo w e d  th e  
a d d it io n  o f  a  beacon  m o n ito r in g  fa c i l i t y  w ith o u t  a n y  s ig n if ic a n t cos t p e n a lty .
T h e  p ro to ty p e  te rm in a l has n o w  been  c o m p le te d  a n d  te s te d  o v e r th e  O ly m p u s  transponde r. 
W i th  th e  O ly m p u s  tra n s p o n d e r a t  m a x im u m  g a in , a  C /K T  in  excess o f  63 d B  in  1 H z  
b a n d w id th  w as o b ta in e d  o n  a  V S A T -O ly m p u s -V S A T  l in k .  T h e  o v e ra ll im p le m e n ta tio n  loss 
w as m e a su re d  as 1 d B  w h e n  th e  V S A T  S S P A  w a s  o p e ra te d  a t 50  m W  o u tp u t . W h e n  th e  
V S A T  S S P A  w a s  o p e ra te d  a t sa tu ra tio n , a n  a d d it io n a l im p le m e n ta t io n  lo ss  o f  0.5  d B  w as 
n o te d . A s  th e  sa tu ra te d  o u tp u t p o w e r  w as  in  excess o f  100 m W , th e re  is  a n  o v e ra ll sys tem  
m a rg in  g a in  in  o p e ra tin g  th e  S S P A  a t m a x im u m  o u tp u t.
4.5.6 Additional Features
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D u r in g  th e  e a r ly  s tages o f  th e  d e s ig n  o f  th e  C o -o p e ra tiv e  O ly m p u s  D a ta  E x p e r im e n t 
(C O D E ) ,  a  s tu d y  w a s  c a r r ie d  o u t  in to  th e  o p t im u m  c h o ic e  o f  m o d u la t io n  schem e f o r  d a ta  
tra n s m is s io n . T h e  use o f  th e  20/30  G H z  b a n d  in tro d u c e s  m o re  seve re  phase  n o is e  a n d  
fre q u e n c y  s ta b i l i ty  p ro b le m s  th a n  a re  fo u n d  a t 11/14 G H z . L in e a r  h ig h  p o w e r  S S P A s are 
e x p e n s iv e  a t 28-30  G H z  a nd  c o n s ta n t e n v e lo p e  m o d u la t io n  schem es a re  p re fe ra b le . T h e  
p o s s ib il i t y  o f  u s in g  re f le c t io n  m o d e  G u n n  a m p lif ie rs ,  w ith  o u tp u t p o w e rs  o f  th e  o rd e r o f  1 
w a tt ,  b u t  o n ly  s u ita b le  f o r  f re q u e n c y  m o d u la t io n  w as co n s id e re d . In  th e  fo l lo w in g  s e c tio n , 
phase  s h i f t  k e y in g , f re q u e n c y  s h i f t  k e y in g  and  fre q u e n c y  m o d u la t io n  o f  a m p litu d e /p h a s e  
s h if t  k e y in g  are d iscussed  as p o s s ib le  C O D E  m o d u la tio n  schem es.
4 .6.1  P h a s e  S h i f t  K e y in g
B in a r y  p h a se  s h i f t  k e y in g  (B P S K )  is  th e  s im p le s t fo r m  o f  d ig ita l  ph a se  s h i f t  k e y in g  
m o d u la t io n  te c h n iq u e . T h e  phase  o f  a c a r r ie r  is  s h if te d  b y  180 de g re e s  to  re p re s e n t a 
ch a n g e  in  d a ta  s ta te . T h e  use o f  q u a d ra tu re  phase s h if t  k e y in g  (Q P S K ), w h e re  th e  c a r r ie r  
phase m a y  h a ve  fo u r  p o s s ib le  sta tes (re p re s e n tin g  tw o  b its ) , has th e  b e n e fits  o f  h a lv in g  th e  
re q u ire d  tra n s m is s io n  b a n d w id th  o v e r  B P S K  f o r  a n y  g iv e n  da ta  ra te . T h e  d e m o d u la tio n  o f  
Q P S K  is  a  l i t t le  m o re  c o m p le x , b u t th is  added  c o m p le x ity  is  m o re  th a n  com pensa ted  f o r  b y  
th e  b a n d w id th  saved . T h e  s u c c e s s fu l d e m o d u la t io n  o f  P S K , is  d e p e n d e n t in  p a r t o n  th e  
phase  s ta b i l i t y ,  o r  j i t t e r ,  o f  th e  tra n s m itte d  c a rr ie r . T h e  re la t iv e  c a r r ie r  phase  s h o u ld  n o t 
c h a n g e  s ig n i f ic a n t ly  d u r in g  a b i t  p e r io d , o r  th e  b i t  e r ro r  ra te  m a y  be  d e g ra d e d  as th e  
d e m o d u la to r  w i l l  n o t be  a b le  to  re c o v e r th e  tra n s m itte d  phase in fo rm a tio n . T h e  c a rr ie r  phase 
s ta b i l i t y  re q u ire m e n ts  b e c o m e  in c re a s in g ly  severe  as th e  d a ta  ra te  is  re d u c e d  as th e  b i t  
p e r io d s  b e c o m e  lo n g e r . B P S K  is  less  s u s c e p tib le  th a n  Q P S K  to  c a r r ie r  phase  j i t t e r ,  o w in g  
to  th e  la rg e r  phase  d if fe re n c e  b e tw e e n  d i f fe re n t  d a ta  states. A  B P S K  c a r r ie r  has to  ch a n g e  
in  phase  b y  180 degrees to  cause  an e r ro r  w h e re a s  a Q P S K  c a rr ie r  o n ly  has to  d r i f t  b y  90
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degrees to  cause a  b i t  e rro r . H ig h e r  o rd e r  phase  m o d u la t io n  schem es su ch  as 8 -P S K  are  
e ve n  m o re  s e n s itiv e  to  phases e rro rs . A s  th e  c a r r ie r  f re q u e n c y  is  in c re a se d , phase s ta b i l i ty  
b e c o m e s  m o re  d i f f i c u l t  to  a c h ie v e . T h e  c o m b in a t io n  o f  a lo w  d a ta  ra te  a n d  a  h ig h  
tra n sm iss io n  fre q u e n c y  in  the  C O D E  V S A T -H u b  l in k  d ic ta te s  th a t B P S K  s h o u ld  be  used in  
p re fe re n c e  to  Q P S K . T h e  H u b -V S A T  l in k  op e ra te s  a t a v e ry  m u c h  h ig h e r  d a ta  ra te , w ith  
m u c h  s h o rte r  b i t  p e rio d s , so less phase j i t t e r  ca n  o c c u r  an d  th e  b a n d w id th  a d va n ta g e s  o f  
Q P S K  m a y  be  re a lise d .
A  V i t e r b i  c o d in g  schem e  has b e e n  ch o se n  as th is  p ro v id e s  a w o r th w h ile  c o d in g  g a in  
a l lo w in g  th e  use o f  lo w e r  p o w e r  V S A T  a m p lif ie r s .  T h e  c o d in g  ra te  is  1/2 a n d  he n ce  th e  
channe l ra te  is  d o u b le d  to  19.2 kb /s , w ith  the  a d d it io n a l advan tage  o f  re la x in g  the  o s c il la to r  
s ta b i l i t y  a n d  phase  n o is e  s p e c if ic a t io n s . T h e  n e t g a in  o f  th e  c o d in g  sch e m e  is  5.7  d B , 
re d u c in g  th e  th e o re tic a l v a lu e  o f  E b /N 0 re q u ire d  f r o m  12.0 d B  to  6.3 d B , a t a b i t  e r ro r  ra te  
o f  1 in  108.
C o n s id e ra t io n  w a s  g iv e n  to  th e  use o f  d o u b le  c o d in g , in c re a s in g  th e  c h a n n e l ra te  a n d  
in c re a s in g  th e  c o d in g  g a in . T h e  l im i t  o f  th is  sch e m e  o c c u rs  w h e n  e ith e r  th e  ch a n n e l s ig n a l 
to  n o ise  ra t io  becom es so  lo w  th a t th e  d e m o d u la to r  c ir c u i t r y  in  th e  H u b  s ta t io n  fa i ls ,  o r  
w h e n  th e  c lo c k  a c q u is it io n  t im e  b e co m e s  so lo n g  th a t  th e  A lo h a  m u l t ip le  access schem e 
fa ils .  F o r the  T R L  D M M -2048 M O D E M , th e  c lo c k  re c o v e ry  c irc u its  fa i l  b e lo w  0  d B  E c /N 0 
and  the  a c q u is it io n  t im e  becom es u n a cce p ta b le  a t an  E c /N 0 o f  3 d B  (2560  s y m b o ls ). U n le ss  
a b e tte r M O D E M  can  be fo u n d  f o r  C O D E , th e re  w i l l  be  l i t t le  b e n e fit  in  a t te m p tin g  to  g a in  
a n y  m o re  f r o m  c o d in g .
T h e  im p le m e n ta t io n  o f  B P S K  s h o u ld  ta k e  f u l l y  in to  a c c o u n t tw o  im p o r ta n t  p a ra m e te rs . 
T hese  are o s c il la to r  phase n o ise  and  s ta b il ity .  T h e  fo r m e r  w i l l  h a ve  an  e ffe c t o n  the  sys tem  
phase j i t t e r  w h ic h  w i l l  in  tu rn  h a v e  an  e f fe c t  o n  th e  a c h ie v a b le  s y s te m  e r ro r  ra te . T h e  
p resence  o f  phase n o ise  and  j i t t e r  a lso  in c re a se s  th e  t im e  re q u ire d  to  a t ta in  c a r r ie r  and
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s y m b o l t im in g  lo c k .  I f  th e  tra n s m itte d  s ig n a l b a n d w id th  is  s m a ll (as is  th e  case f o r  a 9.6 
k b /s  B P S K  re tu rn  l in k  f r o m  th e  V S A T  to  th e  H u b  s ta tio n ) , m o s t o f  th e  s ig n a l e n e rg y  l ie s  
c lo s e  to  th e  c a r r ie r  and  i t  is  p a r t ic u la r ly  necessa ry  to  a cco u n t fo r  d e g ra d a tio n  due  to  phase 
n o is e , as o s c i l la to r  phase n o is e  c h a ra c te r is tic s  te n d  to  g e t w o rse  th e  c lo s e r on e  gets to  the  
c a r r ie r .  T h e  o s c i l la to r  s ta b i l i t y  a t th e  V S A T  has an e f fe c t  o n  b o th  th e  a b i l i t y  o f  th e  H u b  
s ta t io n  d e m o d u la to r  to  lo c a te  th e  re c e iv e d  n a rro w  band  s ig n a l and  re m a in  lo c k e d  o n  to  i t  
a n d  a lso  o f  a d ja c e n t c a rr ie r  s ig n a ls  to  re m a in  w ith in  th e ir  gua rd  bands and  n o t o v e rla p . T h is  
is  e s p e c ia lly  tru e  f o r  lo w  b a n d w id th  c lo s e ly  spaced s igna ls .
A n o th e r  a rea  o f  c o n c e rn  is  th e  s ta b i l i t y  o f  th e  c a r r ie r  re c e iv e d  a t th e  H u b  d e m o d u la to r .  
In s ta b il i ty  a t th e  h u b  is  due  to  th e  c u m u la t iv e  e ffe c t o f  th e  V S A T  tra n s m itte r c a rr ie r  s ta b il ity  
a n d  th e  s a te ll ite  t ra n s la t io n  s ta b i l i t y .  T h e  O ly m p u s  20/30  G H z  tra n s p o n d e r s ta b i l i t y  is  
s p e c if ie d  as + -  1.5 k H z  in  th e  s h o rt te rm  (o v e r  a n y  m in u te )  and + -  25  k H z  f o r  th e  lo n g  te rm  
(o v e r  3 y e a rs ) [4 ] .  T h e  s ta b i l i t y  s p e c if ic a t io n  a t th e  V S A T  te rm in a l is  a tra d e  o f f  b e tw e e n  
th e  c o s t o f  th e  V S A T  o s c i l la to r  a n d  th e  c o s t o f  th e  H u b  s ta t io n  d e m o d u la to r . I n  o th e r  
w o rd s , a less  s tr in g e n t V S A T  o s c i l la to r  s p e c if ic a t io n  im p lie s  g re a te r d r i f t  o f  th e  V S A T  
c a r r ie r  a t th e  H u b  s ta t io n  d e m o d u la to r , w h ic h  in  tu rn  has to  be d e s ig n e d  to  h a ve  a  la rg e r 
a c q u is it io n  b a n d w id th , a t g re a te r co s t and  inc reased  a c q u is it io n  tim e . I t  is  h o p e d  to  ke e p  the  
co s t o f  the  V S A T  e q u ip m e n t d o w n  to  a m in im u m , th e re fo re  the s ta b il ity  s p e c if ic a tio n  o f  the  
V S A T  te rm in a l s h o u ld  n o t be  such  th a t i t  g ive s  rise  to  a d is p ro p o rtio n a te  inc rease  in  V S A T  
co s t. S ta b ili t ie s  o f  10~8 are  p o s s ib le  w ith  c u rre n t te c h n o lo g y , w ith o u t  g re a tly  s a c r if ic in g  on  
e c o n o m y . A  s ta b i l i t y  o f  I f f 8 a t 30  G H z , im p lie s  a p o s s ib le  fre q u e n c y  d r i f t  o f  300  H z , 
w h ic h  is  m u c h  b e tte r  th a n  th e  s ta b il ity  o f  th e  s a te llite  fre q u e n c y  tra n s la t io n  o r  D o p p le r  s h if t  
(a  fe w  k H z  a n d  p re d ic ta b le  f r o m  o r b i ta l  p a ra m e te rs ) . B a n d w id th  is  n o t  a p r im a r y  
c o n s id e ra tio n  f o r  th e  C O D E  e x p e r im e n t, he n ce  th e  g u a rd  bands b e tw e e n  a d ja c e n t c a rr ie rs  
can  be m ade  q u ite  generous in  o rd e r to  a d e q u a te ly  g ua rd  aga ins t o v e r la p  due  to  c a rr ie r  d r i f t  
a t th e  V S A T  te rm in a ls . F o r  a fre q u e n c y  s ta b i l i t y  o f  IO *8 o r  300  H z  a n d  a  c h a n n e l s y m b o l 
ra te  o f  19.2 k b a u d /s e c , a c o -c h a n n e l s p a c in g  o f  50  k H z  w o u ld  be  adequa te . T h e  s a te ll ite
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tra n s la t io n  s ta b i l i t y  has a s im ila r  e f fe c t  o n  a l l  th e  c a rr ie rs , so i t  n e e d  n o t  be  ta k e n  in to  
a c c o u n t w h e n  c o n s id e r in g  th e  p o s s ib i l i t y  o f  c o -c h a n n e l o v e r la p  due  to  V S A T  o s c i l la to r  
d r i f t .
In  the  case o f  the  c a rr ie r d r i f t  a t the  re m o te  d e m o d u la to r, b o th  the  V S A T  c a rr ie r  s ta b il ity  and 
th e  s a te ll ite  tra n s la t io n  s ta b i l ity  m u s t be  ta k e n  in to  a c co u n t. I f  w e  a g a in  c o n s id e r a V S A T  
c a rr ie r  s ta b il ity  o f  I f f 8, th e n  the  o v e ra ll V S A T  c a rr ie r  s ta b il ity  a t the  d e m o d u la to r is  th e  sum  
o f  th e  s h o rt te rm  tra n sp o n d e r s ta b i l ity ,  D o p p le r  s h i f t  and  th e  V S A T  o s c i l la to r  s ta b i l i ty .  In  
th is  case the  to ta l c a rr ie r  d r i f t  a t the  d e m o d u la to r can  be expec ted  to  be o f  th e  o rd e r o f  a fe w  
k H z . A  d e m o d u la to r a c q u is it io n  range  o f  th e  o rd e r o f  + -  5  k H z  w o u ld  be  adequate .
A  ty p ic a l d e m o d u la to r such  as th e  T R L  D M M  2048  used in  th e  T D S -6 e a rth  s ta tio n  has an  
a c q u is it io n  t im e  s p e c if ie d  as 2560  s y m b o l p e r io d s  a t an  E b /N o  o f  3 d B . T h is  v a lu e  o f  
a c q u is it io n  t im e  is  re d u ce d  w h e n  th e  d e m o d u la to r  is  w o rk in g  a t h ig h e r  v a lu e s  o f  E b /N o , 
T R L  are  h o w e v e r  c u r r e n t ly  u n a b le  to  in d ic a te  w h a t th e  im p ro v e m e n t w o u ld  be . A n  
a c q u is it io n  t im e  o f  2560  s y m b o ls  is  e q u iv a le n t  to  133 m s e c  a t a c h a n n e l ra te  o f  19.2 
k s y m b o ls /s e c . W ith  a  su ita b le  d e m o d u la to r  d e s ig n  i t  s h o u ld  be  p o s s ib le  to  im p ro v e  o n  th is  
f ig u r e  a n d  a c o n s e rv a t iv e  v a lu e  o f  500  s y m b o ls  p re a m b le  a t E b /N o  o f  10 d B  w i l l  b e  
assum ed to  be  adequate f o r  the  C O D E  d e m o d u la to r.
T h e  V S A T  c a rr ie r s ta b il ity  th a t is  c u rre n tly  a ch ie va b le  seem s to  in d ic a te  th a t a V S A T  to  H u b  
S C P C /B P S K  ch a n n e l c o u ld  be  im p le m e n te d  w ith o u t  re co u rse  to  th e  use o f  a  sys te m  p i lo t .  
T h e  use o f  a  sys te m  p i lo t  w o u ld  necess ita te  a  p a ra lle l p i lo t  re c e iv e r  a t th e  V S A T  te rm in a l 
w h ic h  w o u ld  increase  i t  s cost and  c o m p le x ity  an d  is  th e re fo re  u n d e s ira b le .
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In  th is  sec tion , a  F re q u e n cy  M o d u la t io n  schem e fo r  th e  C O D E  n e tw o rk  is  cons idered .
T h e  use o f  f re q u e n c y  m o d u la t io n  h a s  a d v a n ta g e s  in  i ts  c o n s ta n t e n v e lo p e , ease o f  
im p le m e n ta t io n  a n d  w id e  b a n d w id th  o f  th e  s ig n a l.  T h e  use o f  a c o n s ta n t e n v e lo p e  
m o d u la t io n  sch e m e  a l lo w s  c lass  C  a m p l i f ic a t io n ,  re s u lt in g  in  in c re a se d  e f f ic ie n c y  an d  
o u tp u t in  c o m p a r is o n  to  l in e a r  schem es.
A n  F M  m o d u la to r  f o r  C O D E  w o u ld  c o n s is t o f  a v o lta g e  tu n e d  30  G F lz  p o w e r  o s c il la to r .  
S u c h  d e v ic e s  a re  a v a ila b le  an d  re p re s e n t a s ig n if ic a n t  c o s t s a v in g  o v e r  a  m o d u la to r ,  
fre q u e n c y  tra n s la to r and  p o w e r  a m p l if ie r  schem e. A  phase lo c k e d  lo o p  sys tem  m a y  be  used 
a nd  e x a m in a tio n  o f  m a n u fa c tu re rs ' da ta  in d ic a te s  th a t o s c illa to r  s ta b ilit ie s  o f  th e  o rd e r o f  10- 
8 a t 30  G H z  a re  re a d i ly  a tta in a b le . T h e  w id e  b a n d w id th  o f  an  F M  s ig n a l ( w ith  s u ita b le  
m o d u la t io n  in d e x )  re laxes  th e  s ta b il ity  s p e c if ic a t io n  o f  the  re fe rence  o s c illa to rs  re d u c in g  the  
V S A T  sys te m  cos t.
In  th is  schem e , a s im p le  300H z  3 .4  k H z  base b a n d  ch a n n e l is  co n s id e re d . T h e  reason  
f o r  th is  is  th a t i f  M O D E M s  d e s ig n e d  f o r  th e  P S T N  c o u ld  be adap ted  f o r  use b y  C O D E , a 
s ig n if ic a n t  c o s t s a v in g  w i l l  be  m ade . M u c h  re se a rch  a n d  d e v e lo p m e n t w o rk  has gone  in to  
the  d es ign  o f  these M O D E M s  and  i t  is  f e l t  th a t the  p e rfo rm a n ce  th e y  o f fe r  w o u ld  be d i f f ic u l t  
to  e q u a l a t th e  sam e cost. T h e re  is  a lso  th e  a d va n ta g e  th a t i f  th e  re tu rn  l in k  fa i ls ,  th e  P S T N  
M O D E M  m a y  be  used  o v e r  th e  te le p h o n e  n e tw o rk  as a b a c k -u p  sys te m . A  s im ila r  se t-u p  
w it h  a re c e iv e  o n ly  V S A T  a n d  te r re s tr ia l re tu rn  l in k  w o u ld  a l lo w  a  u s e r th e  fa c i l i t ie s  o f  
C O D E  a t re d u c e d  in i t ia l  f in a n c ia l  o u tla y . T h e  h u b  s ta t io n  m o d if ic a t io n s  re q u ire d  to  a l lo w  
th is  w o u ld  be t r iv ia l .
4.6.2 Frequency Modulation
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T h e  F M  schem e appears a t f i r s t  s ig h t to  be  an  o ld  fa s h io n e d  in e f f ic ie n t  sys te m , th is  is  n o t 
tru e , as a lth o u g h  the  R F  m o d u la t io n  schem e is  s im p le  and  w id e  b and , the  base b a n d  s ig n a l 
gene ra ted  b y  th e  P S T N  M O D E M  is  a h ig h ly  e f f ic ie n t  n a rro w  ban d  s ig n a l. C o n s id e r th e  F M  
e q u a tio n s  [ 10] [ 14] :
B a n d w id th  =  2A f  ^ 1 +  ^  =  2/ m( B + 2 )
S /N 0,„  =  3B 2 / a° df Wmid t t l )  C /N in
S /N out =  3B 2 (2+ B )  C /N in
I t  m u s t be  s tressed  th a t th e  a b o ve  e q u a tio n s  o n ly  a p p ly  f o r  th e  case a b o v e  th e  F M  
d e m o d u la to r  th re s h o ld , t y p ic a l ly  10 d B  S /N  b u t  th is  ca n  be im p ro v e d  b y  th re s h o ld  
e x te n s io n  d e m o d u la to rs . F o r  C O D E , th e  v a lu e  o f  c le a r  w e a th e r S /N o  is  63.2  d B -H z  f r o m  
w h ic h  w e  m a y  ca lc u la te  in p u t and  o u tp u t S /N  va lu e s . T h is  d a ta  has been  in c lu d e d  in  T a b le  
4 .6 .2 . 1. A  base ban d  b a n d w id th  o f  3.4  k H z  is  assum ed , w ith  a fa c to r  o f  1.4 to  a c c o u n t fo r  
f i l t e r  n o ise  b a n d w id th s . T h is  re su lts  in  a  b a n d w id th  o f  1.4 x  3.4  x  2  x  (B  +  2 ) .
T a b le  4 .6 .2 . 1 : Im p r o v e m e n t  i n  S /N  f o r  s e le c te d  v a lu e s  o f  B
B 1 2 3 4 5 10 20 50 100
B a n d w id th  (k H z ) 29 38 48 57 66 114 209 495 971
S /N  Im p ro v e m e n t (d B ) 9.5 16.8 21.3 24 .6 27.2 35 .6 44 .2 55.9 64.9
C O D E  I /P  C /N  (d B ) 18.6 17.4 16.4 15.6 15.0 12.6 10.0 6.3 3.3
C O D E O /P  S /N  (d B ) 28.1 34 .2 37.7 4 0 .2 42.2 48 .2 54 .2 62 .2 68.2
T h e  va lu e s  in  T a b le  1 a re  f o r  an  id e a l d e m o d u la to r. R e a l d e m o d u la to rs  w i l l  p e r fo rm  s l ig h t ly  
w o rs e  th a n  in d ic a te d .
1 3 0
F M  d e m o d u la tio n  is  c h a ra c te rise d  b y  w h a t is  k n o w n  as th e  th re sh o ld  e ffe c t. I f  the  c a rr ie r  to  
n o is e  ra t io  d ro p s  b e lo w  th e  th re s h o ld  p o in t ,  th e  d e m o d u la to r  o u tp u t s ig n a l to  n o is e  ra t io  
de te rio ra te s  ra p id ly  w ith  fa l l in g  S /N .
T h e  th re s h o ld  le v e l o f  a  p a r t ic u la r  d e m o d u la to r  is  d e p e n d e n t o n  th e  d e s ig n  o f  th a t 
d e m o d u la to r . A  ty p ic a l f ig u re  w o u ld  be a ro u n d  10 d B  f o r  a m o d u la t io n  in d e x  o f  b e tw e e n  5 
and 20  w i th  a s im p le  d e m o d u la to r.
I f  a th re s h o ld  e x te n s io n  d e m o d u la to r  is  used , th e  S /N  e x te n s io n  is  a p p ro x im a te ly  B + l .  
H o w e v e r ,  th e  m in im u m  in p u t  C /N  is  l im i te d  to  a ro u n d  3-4  d B  in  p ra c t ic a l d e s ig n s . A  
re a d ily  a v a ila b le  P L L  d e m o d u la to r w i l l  h a ve  a th re s h o ld  o f  a b o u t 7  d B .
W h e n  b e lo w  th re s h o ld , th e  p e rfo rm a n c e  o f  th e  d e m o d u la to r  deg rades ra p id ly .  T h e  a c tu a l 
o u tp u t S /N  b e lo w  th re s h o ld  w i l l  d e p e n d  o n  th e  d e m o d u la to r  d e s ig n . F ro m  th is  w e  m a y  
d educe  th a t th e  sys te m  is  l im i te d  b y  th e  th re s h o ld  p e r fo rm a n c e  o f  the  F M  d e m o d u la to r. I f  
the  th re s h o ld  is  co n s id e re d  as a  sharp  c u t - o f f  p o in t,  to  a  f i r s t  a p p ro x im a tio n  the  fa d e  m a rg in  
w i l l  be  a p p ro x im a te ly  e q u a l to  th e  d if fe re n c e  b e tw e e n  th e  u n -fa d e d  in p u t  S /N  a n d  th e  
d e m o d u la to r  th re sh o ld .
A  va lu e  o f  ra in  m a rg in  is  thus  a fu n c t io n  o f  th e  d e m o d u la to r  used and  the  s u ita b il i ty  o f  w id e  
band  F M  to  C O D E  m a y  b e  d e r iv e d  b y  c o n s id e r in g  a ty p ic a l d e m o d u la to r pe rfo rm a n ce .
4.6.2.1 THE THRESHOLD PROBLEM
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A  g o o d  th re s h o ld  e x te n s io n  d e m o d u la to r ,  u s in g  a phase lo c k e d  lo o p  w i t h  a n a rro w  
b a n d w id th  f i l t e r  w i l l  have  a th re s h o ld  e x te n s io n  o f  u p  to  6  d B . T h is  c o rre sp o n d s  to  a  4  d B  
C /N  th re s h o ld  le v e l.  A  ch e a p e r d e m o d u la to r  w i l l  h a ve  a 7  d B  th re s h o ld . I n  th is  se c tio n , 
b o th  d e m o d u la to rs  are co n s id e re d , so th a t th e  p e rfo rm a n c e  ra t io s  m a y  be  e v a lu a te d . I f  a 
m o d u la t io n  in d e x  o f  5  is  used in  th e  a b o ve  e x a m p le , th e n  th e  fa d e  m a rg in  w i l l  be 15.0 4.0 
=  11.0 d B  (see T a b le  3 ). A  less e xp e n s ive  P L L  d e m o d u la to r  w ith  a th re s h o ld  o f  7  d B  w i l l  
h a ve  an 8.0  d B  fa d e  m a rg in , h o w e v e r th is  is  n o t th e  w h o le  s to ry .
W e l l  a b o ve  th re s h o ld , th e  o u tp u t s ig n a l to  no ise  w i l l  e q u a l th e  in p u t  c a r r ie r  to  n o is e  le v e l 
p lu s  27.2  d B  o f  F M  im p ro v e m e n t. T h is  c o rre s p o n d s  to  an  u n -fa d e d  S /N  o f  42.2  d B , 
w h ic h  is  m o re  th a n  adequate. A s  th e  th re s h o ld  is  a p p roached , the  s ig n a l to  n o ise  ra t io  w i l l  
d e g ra d e  in  p ro p o r t io n  to  the  in p u t,  so th a t a t th re s h o ld , th e  s ig n a l to  n o is e  ra t io  w i l l  be 
eq u a l to  the  F M  im p ro v e m e n t added  to  th e  in p u t  c a r r ie r  to  n o ise  ra t io  m in u s  1 d B . (T h e  1 
d B  loss com es f r o m  the  d e f in i t io n  o f  th re s h o ld  as th e  p o in t w h e re  the  F M  im p ro v e m e n t has 
fa l le n  b y  1 d B  f r o m  th e  v a lu e  w e ll  a b o ve  th re s h o ld .)  F o r  th e  4  d B  th re s h o ld  d e m o d u la to r  
th is  is  30.2  d B  a nd  f o r  th e  7  d B  d e m o d u la to r  th is  is  33.2  d B .
I t  is  c le a r th a t in  the  case o f  th e  7  d B  th re s h o ld  d e m o d u la to r, th e  F M  im p ro v e m e n t c o u ld  be  
re d u c e d  b y  3 d B  to  e q u a l th e  th re s h o ld  p e r fo rm a n c e  o f  th e  4  d B  th re s h o ld  d e m o d u la to r . 
T h is  re d u c t io n  m a y  be  a c h ie v e d  b y  re d u c in g  th e  m o d u la t io n  in d e x  and  h e n c e  b a n d w id th . 
T h is  w i l l  go  som e w a y  to  redress the  3 d B  th re sh o ld  p e rfo rm a n c e  d if fe re n tia l.
4.6.2.2 A TYPICAL FM DEMODULATOR
1 3 2
M a n y  m a n u fa c tu re rs  s u p p ly  9.6  k b /s  M O D E M s  f o r  use o v e r  th e  P S T N . T h e  s a te ll ite  
c h a n n e l p ro v id e d  b y  C O D E  is  s im ila r  in  m a n y  respec ts  to  a te le p h o n e  l in e ,  a p a rt f r o m  th e  
la c k  o f  a re tu rn  c h a n n e l. T h e  re tu rn  c h a n n e l is  use d  b y  m a n y  M O D E M s  to  assess th e  
ch a n n e l c h a ra c te ris tic s , f o r  C O D E  th is  is  n o t  p o ss ib le . H o w e v e r , th e  ch a n n e l c h a ra c te ris tic  
is  e s s e n tia lly  f ix e d ,  o v e r  a la rg e  ra n g e  o f  s ig n a l s tre n g th s  and  w i l l  n o t s u ffe r  f r o m  m a n y  o f  
th e  d is ru p tiv e  c l ic k s  and  l in e  no ises  th a t p la g u e  th e  te le p h o n e  n e tw o rk .
T h u s , in  s p e c ify in g  a s u ita b le  M O D E M , th e  C O D E  c h a n n e l m a y  be  re g a rd e d  as a h ig h  
q u a lity  u n id ire c t io n a l te le p h o n e  lin e . I t  m u s t be n o te d  th a t th e re  is  n o  reason  w h y  c o rru p te d  
d a ta  m a y  n o t be  re - tra n s m it te d  o n  in s t ru c t io n  f r o m  th e  H u b  s ta t io n . T h e  520  m S  d e la y  
w o u ld  n o t n o rm a lly  be  a p ro b le m  w ith  th e  S e q u e n tia l A c c e s s  ch a n n e ls  and  a "G o  b a ck  n " ,  
o r  "S e le c tiv e  R e p e a t", A R Q  schem e c o u ld  be used i f  co n s id e re d  necessary.
I f  w e  n o w  c o n s id e r th e  R A C A L  A  se rie s  o f  M O D E M s , m o d e l A - 96 , th e  s u i ta b i l i ty  to  
C O D E  m a y  be assessed. T h is  d e v ic e  is  c a p a b le  o f  9.6  k b /s  d a ta  tra n s m is s io n  ra tes o v e r  a 
s tanda rd  te le p h o n e  ch a n n e l u s in g  a  Q A M  tra n s m is s io n  schem e a n d  c o s tin g  be tw e e n  £1500 
a n d  £2400  in  1988. F o r  a b i t  e r ro r  ra te  o f  IO*6 , a  s ig n a l to  n o is e  ra t io  o f  20  d B  is  re q u ire d . 
H o w e v e r, th e  use o f  th is  M O D E M  o v e r a  s a te llite  l in k  has n o t been  in ve s tig a te d .
A  se ries  o f  e x p e r im e n ts  has been  c a rr ie d  o u t b y  C a b le  &  W ire le s s  in  c o n ju n c t io n  w ith  
B r i t is h  T e le c o m  [ 13] ,  the  re su lts  a re  o f  in te re s t an d  su m m a rise d  he re . A  d if fe re n t R aca l 9.6 
k b /s  M O D E M  w a s  te s te d  o v e r  an  IN T E L S A T  c o m p a n d e d  F .D .M /F .M .  l i n k  b e tw e e n  
L o n d o n  an d  G ib ra lta r . T h e  to p  te le p h o n e  c h a n n e l w a s  used, as th is  w as re g a rd ed  to  be th e  
w o rs t  case  f o r  d a ta  t r a n s m is s io n . T e s ts  w e re  c a r r ie d  o u t  b o th  w i t h  a n d  w i t h o u t  
c o m p re s s io n /e x p a n s io n  c ir c u it r y ,  w i t h  m e a s u re m e n t o f  s ig n a l to  n o ise  ra t io  a nd  b i t  e r ro r
4.6.2.3 A TYPICAL 9.6 kb/s MODEM.
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ra te . T h e  re s u lts  w ith o u t  c o m p a n d in g  are g iv e n  in  T a b le  2 , c o m p a n d in g  is  n o t  c o n s id e re d  
here  as i t  w o u ld  ad d  to  th e  co s t o f  C O D E  fo r  l i t t le  ga in .
T A B L E  4 .6 .2 .2 : M O D E M  P E R F O R M A N C E  (N o  C o m p a n d in g )
M O D E M  O u t p u t  L e v e l C h a n n e l  S /N w A v e r a g e  B .E .R
-13 d B m O 29.4  d B 1.0 x  10-7
-16 d B m O 25.6  d B 2.6  x  10-5
T h e  S /N w  is  th e  w e ig h te d  n o ise  in  a te le p h o n y  (base b a n d ) ch a n n e l an d  is  m easu red  a t th e  
in p u t  to  th e  P S T N  M O D E M  d e m o d u la to r . T h e  b i t  e r ro r  ra te  is  m e a su re d  a t th e  P S T N  
M O D E M  d e m o d u la to r  o u tp u t. F ro m  th is  w e  m a y  deduce  th a t a base ban d  ch a n n e l S /N w  o f  
30  d B  is  re q u ire d  f o r  C O D E . T h e  B i t  e r ro r  ra te  o f  1 x  10 7 w as  th e  m e a su re m e n t l im i t  a nd  
th e  b i t  e r ro r  ra te  c o n tin u e s  to  im p ro v e  above  30  d B  S /N . A s  C O D E  sp e c ifie s  a  b i t  e rro r  ra te  
o f  I f f 8 , a d d it io n a l c o d in g  (E g  15/16 ra te ) w i l l  be  re q u ire d . A lte rn a t iv e ly ,  m o re  p o w e r fu l 
c o d in g  (7/8 )  c o u ld  be  used  a n d  th e  S /N  re q u ire m e n t re la x e d  to  26  d B . T h e  re s u lts  a l lo w  us 
to  assess th e  p e r fo rm a n c e  o f  th e  F M  sy s te m  w it h  a 9.6  k b /s  M O D E M  as used  in  th e  
C & W /B T  tests. T h e  f ig u re s  b e lo w  assum e a 0.5  w a t t  H P A  w ith  a  0.9  m e tre  d is h  an d  c le a r 
w e a th e r (80  % o f  y e a r, 2  d B  u p - l in k  fa d e ) . T h e  h u b  s ta t io n  a v a i la b i l i t y  is  99.9  %  (5  d B  
d o w n - l in k  fa d e ). T h e  m in im u m  S /N  f ig u re  in c lu d e s  a  1 d B  co m p re ss io n  f r o m  th e  d e f in i t io n  
o f  th e  F M  th re s h o ld .
1 3 4
T A B L E  4 .6 .2.3  E x p e c te d  p e r f o r m a n c e  o f  F M  s c h e m e
T h re s h o ld B B a n d w id th U n - fa d e d  C /N M in  S /N M a x  S /N Fade M a rg in
4 d B 5 48.2  d B H z 63.2  d B H z 30.0  d B 42.2  d B 11.0 d B
7  d B 5 48.2  d B H z 63.2  d B -H z 33.0  d B 42.2  d B 8.0  d B
7  d B 4 47.6  d B H z 63.2  d B -H z 30 .4  d B 40.2  d B 8.6  d B
7  d B 3 46 .8  d B H z 63.2  d B -H z  1 27.1  d B 37.7  d B 9.4  d B
F ro m  th is  i t  is  c le a r th a t a g o o d  th re s h o ld  d e m o d u la to r  p e rfo rm a n c e  w i l l  h e lp . T h e  B i t  e rro r 
ra te  f o r  an  in p u t  S /N  o f  27.1 d B  w i l l  be  a b o u t 10-6.
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A  s im p le  m o d u la t io n  schem e th a t c o u ld  be used f o r  C O D E  is  d ire c t F S K  m o d u la t io n , w ith  
in c o h e re n t d e m o d u la tio n . T h e  fre q u e n c y  o f  a p o w e r o s c i l la to r  is  c o n tro lle d  b y  v a ry in g  the  
b ia s  v o lta g e  o f  a v a ra c to r  d io d e  ( o r  G u n n , IM P A T T  e tc ) , in  a c c o rd a n c e  w ith  th e  d a ta  
s tream . V ite r b i  c o d in g  is  used as in  th e  B P S K  case.
T h e  e q u a t io n  g o v e rn in g  th e  b i t  e r r o r  ra te  o f  an  id e a l F S K  s y s te m  w i t h  in c o h e r e n t  
d is c r im in a to r  d e te c t io n  is : [ 12]
Pe= l / 2eP'2
W h e re  p  is  th e  b i t  e n e rg y  to  n o ise  ra t io  E b /N o . R e a rra n g in g  th is  e q u a tio n  g ive s :
p  =  -21n2 (P e)
S o , f o r  a  b i t  e r ro r  ra te  o f  IO -8 an  E b /N o  o f  15.5 d B  is  re q u ire d  (3.5  d B  m o re  th a n  u n -co d e d  
B P S K ) . T h e  c o d in g  g a in  f o r  1/2 ra te  V ite rb i  c o d in g  ( K = 7 ), a t an  e rro r  ra te  o f  10*8 is  ( 12.0 -  
6 .3 )  d B  =  5.7  d B . T h e re  w i l l  be  a s im ila r  c o d in g  g a in  f o r  F S K  m o d u la t io n , th e re fo re  th e  
re q u ire d  v a lu e  o f  E b /N o  f o r  F S K  w i l l  be  ( 15.5-5 .7 )  d B  =  9.8  d B . T h is  is  3.5  d B  w o rs e  the  
th e  B P S K  case an d  sub trac ts  d ire c t ly  f r o m  th e  fa d e  m a rg in .
4.6.3 Frequency Shift Keying
1 3 6
In  T a b le  4 .2 .4.1 b e lo w , a c o m p a r is o n  o f  th e  l in k  m a rg in s  a v a ila b le  f o r  th e  B P S K , F M  and  
F S K  m o d u la t io n  schem es is  m a d e . T h e  V S A T  p a ra m e te rs  a re  a 0.9  m e te r  d is h  a n d  a 0.5 
w a tt  a m p lif ie r .  T h e  B P S K  a n d  F S K  sys tem s u t i l is e  1/2 ra te  V it e r b i  c o d in g  a n d  th e  F M  
sys te m  has a m o d u la t io n  in d e x  o f  5  a n d  a  d e m o d u la to r  th re s h o ld  o f  4  d B  c a r r ie r  to  n o ise  
ra t io .  T h e  F S K  sys te m  is  in c o h e re n t, u s in g  d is c r im in a to r  d e te c t io n . T h e  l i n k  m a rg in  is  
c a lc u la te d  f o r  th e  f iv e  E u ro p e a n  9 9 .0 %  30  G H z  re g io n a l c o n to u rs . T h e  d o w n - l in k  
a tte n u a tio n  is  ta ke n  to  be  5  d B , f o r  a 20  G H z  99 .9%  U K  a v a i la b i l i ty .
T h e  B P S K  a n d  F S K  sys te m s  h a v e  im p le m e n ta t io n  m a rg in s  o f  3 d B , to  a c c o u n t f o r  th e  
T D S -6/V S A T  tra n s la t io n  lo o p  and  A M /P M ,  Phase n o is e , in te r fe re n c e , e tc . T h e  F M  sys te m  
has an  1 d B  im p le m e n ta tio n  m a rg in  f o r  A M /P M  an d  in te rfe re n c e , as i t  is  assum ed th e  th e  4  
d B  th re sh o ld  f ig u re  is  a  p ra c t ic a l w o rk in g  one  th a t a cco u n ts  fo r  M O D E M  loss.
4.6.4 Comparison of PSK/FM/FSK Schemes
T A B L E  4 .6 .4 .1 :  B P S K ,  F M  A N D  F S K  L I N K  M A R G I N S
U p - l in k  fa d e  d e p th  (99 .0% ) 4 .0 5 .0 6 .0 7 .0 10.0 d B
D o w n - l in k  fa d e  d e p th  (99 .9 % ) 5 .0 5 .0 5 .0 5 .0 5 .0 d B
B P S K  S ys te m 11.1 10.2 9.3 8,3 5 .5 d B
W id e  ban d  F M  S ys tem 7 .0 6 .2 5 .2 4 .2 1.4 d B
D ire c t  F S K  S ys tem 7 .6 6 .8 5 .8 4 .8 2 .0 d B
T h e  a b o ve  re s u lts  sh o w  th a t b o th  th e  B P S K , F M  a n d  F S K  schem es p ro v id e  a  s a tis fa c to ry  
a v a i la b i l i ty  in  a l l  th e  re g io n s , i f  a  0.9  m e te r  d is h  w i t h  a 0.5  w a t t  a m p l i f ie r  a re  used  a t th e  
V S A T .
1 3 7
T h e  B P S K  s y s te m  o u t  p e r fo rm s  th e  F M  a n d  F S K  sys tem s b y  a b o u t 4.1 d B  an d  3.5  d B  
re s p e c t iv e ly . T h e  d ire c t  m o d u la t io n  schem es a re  l ik e ly  to  o f fe r  a cos t re d u c t io n  o v e r  the  
B P S K  schem e , as i t  w i l l  be  p o s s ib le  in  these  cases to  d ispense  w ith  th e  u p -c o n v e rte rs  and  
m ix e rs  a sso c ia te d  w ith  th e  B P S K  sch e m e , in  fa v o u r  o f  a d ire c t ly  m o d u la te d  h ig h  o u tp u t 
o s c illa to r . T h is  d if fe re n c e  m a y  n o t be  g re a t c o m p a re d  to  th e  cos t o f  th e  re s t o f  the  te rm in a l 
an d  m u s t be v ie w e d  a lo n g  w i t h  th e  3.5  d B  to  4.1 d B  a d va n ta g e  in  l in k  m a rg in . I f  as is  
u s u a l ly  th e  case , th e  c o s t o f  h ig h  fr e q u e n c y  m ic ro w a v e  e q u ip m e n t re d u c e s  w i t h  
im p ro v e m e n ts  in  te c h n o lo g y , th e  c o s t d if fe re n t ia l m a y  becom e s m a ll e n o u g h  to  be ig n o re d . 
T h e  f in a l  c h o ic e  f o r  th e  C O D E  sch e m e  w a s  to  use B P S K  m o d u la t io n  f o r  th e  V S A T -H u b  
l in k  a n d  Q P S K  m o d u la t io n  f o r  th e  H u b -V S  A T  l in k .  I t  w as  d e c id e d  to  use P S K  schem es in  
p re fe re n c e  to  f re q u e n c y  m o d u la t io n  in  o rd e r  to  p ro d u c e  (xc\ a p p ro p r ia te  s o lu tio n . T h e  
c o s t s a v in g  f r o m  u s in g  d ire c t m o d u la t io n  m e th o d s  w a s  n o t co n s id e re d  to  be  s ig n if ic a n t,  
e s p e c ia lly  w ith  re c e n t advances in  F E T s  p ro m is in g  lo w  co s t S S P A  dev ices .
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4 .7.1 S a te l l i t e  S im u la t o r  L i n k  T e s ts
In  o rd e r to  v e r i fy  the  re su lts  o f  s im u la t io n s  u s in g  the  B O S S  p a cka g e  [ 11] ,  a se t o f  l in k  tests 
w e re  m ade u s in g  a  s a te llite  s im u la to r  a t G o o n h il ly  D o w n s  E a rth  S ta t io n  in  Ju n e  1990. T h e  
s a te ll ite  s im u la to r  c o n s is te d  o f  a  14 G H z  to  11 G H z  d o w n -c o n v e r te r , a T W T A  a n d  a l l  
G H z  to  70  M H z  d o w n -c o n v e rte r . W h ite  n o ise  w a s  added  b o th  b e fo re  a n d  a fte r  the  T W T A  
to  s im u la te  u p - l in k  and  d o w n - l in k  th e rm a l n o is e . P hase n o is e  w a s  a d d e d  to  th e  lo c a l 
o s c illa to rs  o f  the  s a te llite  s im u la to r  and  m e a su re d  u s in g  an  H P 3048A  phase n o ise  te s t set. 
S ig n a l to  no ise  ra tio s  w e re  m easured  u s in g  an  H P 8562A  s p e c tru m  a n a lyse r.
T h re e  T R L  M O D E M s , to  th e  sam e d e s ig n  as p ro p o s e d  f o r  th e  E S A  C o -O p e ra t iv e -  
O ly m p u s -D a ta -e x p e r im e n t w e re  used to  p ro v id e  th re e  70  M H z  m o d u la to rs  a n d  a 70  M H z  
d e m o d u la to r. T h e  m o d u la to rs  an d  d e m o d u la to rs  used 100 %  ro o t  c o s in e  f i l te r in g .  T h re e  
M u l t ip o in t  70  M H z  to  14 G H z  u p -c o n v e rte r /S S P A  V S A T  R F  u n its  w e re  used  to  p ro d u c e  
th re e  14 G H z  in p u ts  to  the  s a te llite  s im u la to r . A  b i t  e r ro r  ra te  te s t set w a s  used  to  p ro d u ce  a 
pseudo  ra n d o m  b i t  pa tte rn  f o r  th e  ce n tra l c a r r ie r  m o d u la to r  a nd  to  m easure  th e  b i t  e rro r ra te . 
T h e  o th e r tw o  m o d u la to rs  w e re  a rra n g ed  to  p ro d u c e  a d ja c e n t c a rr ie rs  t ra n s m it t in g  ra n d o m  
data .
D u r in g  the  tests, b i t  e rro r ra te  m easu rem en ts  w e re  m ade  V s  s ig n a l to  n o is e  ra t io  f o r  v a rio u s  
s e ttin g s  o f  phase no ise , c a r r ie r  sp a c in g , s ig n a l fa d in g , T W T A  an d  S S P A  o p e ra t in g  p o in ts , 
u p - l in k  no ise  and  d o w n - lin k  n o ise .
U s in g  th is  e q u ip m e n t i t  w a s  p o s s ib le  to  c lo s e ly  m o d e l th e  c h a ra c te r is t ic s  o f  the  O ly m p u s  
20/30  G H z  p a y lo a d , w ith  th e  e x c e p tio n  o f  th e  o p e ra tin g  fre q u e n c y . A lth o u g h  th e  tests w e re  
m a d e  a t 14/11 G H z , the  a d d it io n  o f  phase n o is e  a n d  th e  s im i la r i t y  o f  T W T A  an d  S S P A
4.7 VSAT Test Measurement Results.
1 3 9
c h a ra c te r is tic s  to  those  th a t w i l l  be  used  o v e r  O ly m p u s  sh o u ld  a llo w  accu ra te  co m p a riso n s  
to  b e  m a d e  w i t h  th e  re s u lts  o f  th e  B O S S  s im u la t io n s . In  th e  b lo c k  d ia g ra m  o f  f ig u r e
4 .7 .1.1 b e lo w , th e  e x p e r im e n ta l se t u p  is  o u tlin e d .
Satellite Simulator Test Setup
Direct mixer inp
14 GHz 
Reference
Test Word 
Generator set
TRL MODEM
MHz 70MHz - 14GHz 14GHz
Upconvertor SSPA
TRL MODEM
70MHz 70MHz - 14GHz 14GHz
Upconvertor SSPA
ref inpu
69.955
TRL MODEM MHz 70MHz - 14GHz 14GHz
Upconvertor SSPA
140 MHz 
Reference
ref inpi
Phase noise 
test set
Spectrum
analyser
Bit Error Rate 
detector TRL MODEM +signal+ noise
-I var atenuator L 
----
F ig u r e  4 .7 . 1.1 S a te l l i t e  S im u la t o r  T e s t  S e t-u p
4 .7 .2  R e s u lts  o f  S im u la t o r  T e s ts
In  th e  f o l lo w in g  se c tio n , th e  re s u lts  o f  th e  tests  a re  p resen ted  in  g ra p h ic a l fo rm . N o te  th a t 
th e  m e a su re m e n ts  o f  E b /N o  are o n ly  a ccu ra te  to  w ith in  0.5  d B  o w in g  to  th e  u n c e rta in ty  o f  
n o is e  m e a s u re m e n t u s in g  th e  s p e c tru m  a n a ly s e r. T h e  b i t  e r ro r  ra te  w a s  d e te rm in e d  b y  
c o u n t in g  100 e rro rs . A t  th e  h ig h e r  b i t  e r ro r  ra tes , w h e re  e rro rs  te n d e d  to  o c c u r in  b u rs ts , 
th e  ave rage  o f  a n u m b e r o f  m easu rem en ts  w as ta k e n  such th a t the  b i t  e rro r  ra te  va lu e  c o u ld
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b e  a c c u ra te ly  e s tim a te d  to  a t le a s t 1 s ig n if ic a n t  d ig it .  T h e  da ta  ra te  w a s  19.2 k b its /s e c o n d  
and  t im e  lim ita t io n s  p re ve n te d  the  m e a su rem en t o f  b i t  e rro r  rates b e lo w  one p a rt in  105.
T h e  fo l lo w in g  p lo ts  in  f ig u re s  4 .7 .2.1 a n d  4 .7 .2.2  s h o w  the  m e a su re d  A M / A M  response  
o f  b o th  th e  S S P A  and th e  T W T A  used in  th e  tests. T h e  s a te ll ite  s im u la to r  is  d e s ig n e d  so 
th a t th e  T W T A  c h a ra c te r is tic s  c lo s e ly  m a tc h  th e  In te ls a t s ta n d a rd . T h e  O ly m p u s  T W T A  
response  is  b e tte r than  th a t o f  the  s a te llite  s im u la to r  f o r  in p u t b a c k -o ffs  o f  less th a n  10 d B .
SSPA AM/AM Characteristics
F ig u r e  4 .7 .2.1  S S P A  A M / A M  C h a r a c t e r is t ic
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SIMULATOR & OLYMPUS TWTA AM/AM
F ig u r e  4 .7 .2.2  O ly m p u s  a n d  S a te l l i t e  S im u la t o r  A M / A M  C h a r a c te r is t ic
T h e  A M / P M  c h a ra c te r is t ic s  o f  th e  T W T A  a n d  S S P A  c o u ld  n o t be  m e a su re d  w it h  the  
e q u ip m e n t a v a ila b le . H o w e v e r  th e  T W T A  has been  d e s ig n e d  to  th e  In te ls a t s p e c if ic a t io n  
g iv e n  b e lo w .
Input Backoff (dB)
Figure 4.7.2.3 Typical Transponder AM/PM Characteristic
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I n  th e  fo l lo w in g  f ig u re  4 .7 .2 .4 , th e  e f fe c t  o f  o p e ra t in g  th e  S S P A  a t s a tu ra tio n  V s  1 d B  
co m p re s s io n  is  in v e s tig a te d  fo r  the  s in g le  c a rr ie r  case. T h e  T W T A  in  th e  s a te llite  s im u la to r  
w a s  o p e ra t in g  in  th e  l in e a r  re g io n  (20  d B  o u tp u t b a c k -o f f )  and  phase  n o is e  w a s  add e d  to  
th e  C O D E  m a s k . T h is  le v e l o f  phase n o ise  w i l l  b e  ty p ic a l f o r  a V S A T  sy s te m  o p e ra t in g  
o v e r  O ly m p u s  a t 19.2 kb /s . I t  is  in te re s t in g  to  n o te  th a t the  re s u lt  f o r  a sa tu ra te d  S S P A  is  
b e tte r  th a n  f o r  th e  l in e a r  case. T h is  m a y  be  d u e  to  th e  e f fe c t  o f  th e  f i l t e r s  in  th e  
d e m o d u la to r, o r  because o f  in creased  in te r -m o d u la t io n  no ise  c o n fu s in g  th e  m ea su re m e n t o f  
N 0. H o w e v e r  th e  d if fe re n c e  b e tw e e n  th e  tw o  p lo ts  is  less th a n  th e  0.5  d B  e x p e r im e n ta l 
e rro r , so n o  f i r m  c o n c lu s io n s  m a y  be d ra w n  f r o m  th is  re s u lt, o th e r th a n  th a t th e  S S P A  ca n  
be ope ra te d  a t sa tu ra tio n  w ith o u t  s ig n if ic a n t d e g ra d a tio n  fo r  the  s in g le  c a rr ie r  case.
Bit Error Rate - Effect of SSPA Operating Point
10-1
Eb/No (dB)
Figure 4.7.2.4 Effect o f SSPA Operating Point on BER
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In  th e  fo l lo w in g  f ig u re  4 .T .2 .5 , th e  e f fe c t  o f  c h a n n e l s p a c in g  is  d e m o n s tra te d  f o r  th ree  
ca rr ie rs . T h e  T W T A  w as o p e ra te d  in  th e  l in e a r  re g io n  (20  d B  O P B O ) and  th e  S S P A s a t the  
1 d B  co m p re ss io n  p o in t. T h e  re s u lt c le a r ly  d e m o ns tra tes  th a t a c a rr ie r  sp a c in g  o f  25  k H z  o r  
g re a te r, (p re fe ra b ly  45  k H z )  is  re q u ire d  w h e n  o p e ra t in g  B P S K  a t 19.2 K b /s .  T h is  re s u lt 
w as as p re d ic te d  b y  the  B O S S  s im u la t io n s .
Bit Error Rate - Effect of Channel Spacing
10-I
Eb/No (dB)
Figure 4.7.2.5 Effect o f Channel Spacing on Bit Error Rate
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T h e  e ffe c t o n  th e  b i t  e r ro r  ra te  o f  th e  T W T A  o p e ra t in g  p o in t  f o r  th e  m u lt i - c a r r ie r  case is  
d e p ic te d  in  th e  fo l lo w in g  f ig u re  4 .7 .2 .6 . T h e  d e g ra d a t io n  o w in g  to  in te r - m o d u la t io n  
p ro d u c ts  as th e  T W T A  is  ope ra te d  in  a n o n - lin e a r  m o d e  is  c le a r ly  v is ib le .  T h is  e x p e r im e n t 
w a s  re p e a te d  w ith  a fa d e  o f  7  d B  e ffe c t in g  th e  c e n tra l c a rr ie r . T h e  re s u lts  a re  p resen ted  in  
th e  se co n d  p lo t ,  f ig u re  4 .7 .2 .7 , a t a b i t  e r ro r  ra te  o f  1( H ,  th e  d e g ra d a tio n  f r o m  th e o ry  a t 3 
d B  o u tp u t b a c k -o f f  is  o v e r  1 d B  w o rse  f o r  th e  fa d e d  c a r r ie r  th a n  f o r  th e  u n -fa d e d  c a rr ie r . 
T h is  w o u ld  im p ly  th a t th e  T W T A  s h o u ld  be  used  in  th e  l in e a r  re g io n  i f  u p - l in k  p o w e r  
c o n tro l is  n o t  b e in g  use d  to  co m p e n sa te  f o r  u p - l in k  fa d in g . T h e  o p e ra t in g  p o in t  o f  th e  
T W T A  m u s t be  tra d e d  a g a in s t th e  d o w n - l in k  E IR P  to  a c h ie v e  th e  o p t im u m  o v e ra ll l in k  
q u a lity . T h is  o p t im u m  se ttin g , ta k in g  a cco u n t o f  u p - l in k  fa d in g , m a y  n o t be  th e  sam e as th e  
o p t im u m  w ith o u t  u p - l in k  fa d in g .
Bit Error Rate -  Effect o f  TWTA Output Backoff
100
Eb/No (dB)
Figure 4.7.2.6 Effect of TWTA Saturation
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Bit Error Rate - Effect o f  TW TA Output Backoff' -  7 dB Fade
lOo
Eb/No (dB)
F ig u r e  4 .7 .2.7  E f f e c t  o f  T W T A  S a t u r a t io n  o n  a  F a d e d  C a r r i e r
T ra d it io n a l ly ,  th e  o v e ra ll s ig n a l to  n o ise  ra t io  a c h ie v e d  o n  s a te ll ite  c o m m u n ic a t io n s  l in k s  
has been  l im i te d  b y  th e  lo w  tra n s m itte d  p o w e r  o f  th e  s a te ll ite  tra n s p o n d e r. T h is  o ccu rs  
because o f  th e  D C  p o w e r l im ita t io n s  and  an tenna  a p e rtu re  co n s tra in ts  o n  b o a rd  th e  sa te llite . 
T h e  c a r r ie r  to  n o is e  ra t io  o f  th e  u p - l in k  is  m a in ta in e d  a t a h ig h  le v e l b y  u s in g  p o w e r fu l 
a m p lif ie rs  and  la rg e  a p e rtu re  antennas. H e n c e  the  u p - l in k  does n o t g re a t ly  c o n tr ib u te  to  the  
o v e ra ll c a r r ie r  to  n o ise  ra t io .  T h is  is  n o t  th e  case f o r  th e  p ro p o s e d  V S A T  sys te m , as the  
p o w e r  tra n s m itte d  b y  th e  V S A T  is  v e ry  lo w  ( o f  th e  o rd e r  o f  50  m W ) .  T h e  tra n s p o n d e r 
o p e ra t in g  p o in t  is  d e te rm in e d  m a in ly  b y  th e  th e rm a l n o is e  p o w e r  a c ro ss  th e  40  M H z  
b a n d w id th . T h e  la rg e  H u b  s ta t io n  an tenna  e f fe c t iv e ly  ensures th a t the  s ig n a l to  n o ise  ra t io
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is  d o m in a te d  b y  th e  n o is e  p re s e n t o n  th e  u p - l in k  ra th e r  th a n  o n  th e  d o w n - l in k  as is  
t r a d it io n a l ly  th e  case. A s  th e  tra n s p o n d e r T W T A  is  o p e ra tin g  in  the  n o n - l in e a r  re g io n , th e  
u p - l in k  n o is e  is  p a ss in g  th ro u g h  a  n o n - l in e a r ity  and  can  n o  lo n g e r  b e  co n s id e re d  as w h ite  
n o is e . T o  assess th e  e f fe c t  o f  th is , a series o f  b i t  e r ro r  ra te  m e asu rem en ts  w e re  ta k e n  w ith  
u p - l in k  n o is e  b e in g  th e  l im i t in g  fa c to r . T h e se  re su lts  are p resen ted  in  th e  fo l lo w in g  f ig u re  
f o r  b o th  a sa tu ra ted  and  a l in e a r  T W T A .  T h e  re su lts  in d ic a te  th a t an a d d it io n a l d e g ra d a tio n  
o f  th e  o rd e r  o f  0.5  d B  fo r  a sa tu ra ted  T W T A  is  su ffe re d  w h e n  the  l in k  is  l im ite d  b y  u p - l in k  
n o is e  (F ig u re  4 .7 .2 .8 ) .
Bit Hirer Rate -  Uplink Noise Limited Operation Vs T W TA  OPBO
100
Eb/No (dB)
Figure 4.7.2.8 Up-Link Noise Limited Operation
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R a p id , s m a ll sca le  v a r ia tio n s  in  s ig n a l a m p litu d e , k n o w n  as s c in t i l la t io n , are  e xp e rie n ce d  a t 
20/30  G H z , e s p e c ia lly  w h e n  th e  l in k  passes th ro u g h  c u m u lu s  ty p e  c lo u d s . V a r ia t io n s  o f  
g re a te r th a n  to  2  d B  p e e k  to  p e e k  h a ve  been  m e a su re d  o n  th e  O ly m p u s  20  G H z  bea co n . 
T h e  add e d  d e g ra d a tio n  caused  b y  s c in t i l la t io n  w a s  m e a su re d  b y  im p o s in g  a s in u s o id a l 
a m p litu d e  m o d u la t io n  o f  1 d B  p e e k  to  p e e k  o n  th e  c a r r ie r  f r o m  th e  V S A T  b e fo re  i t  passed 
in to  th e  s a te ll ite  s im u la to r , th e re b y  s im u la t in g  u p - l in k  s c in t i l la t io n .  T w o  e q u a l a m p litu d e  
c a rr ie rs , w ith o u t  s c in t i l la t io n ,  w e re  p la c e d  in  a d ja c e n t c h a n n e ls  e ith e r  s id e  o f  th e  te s t 
ch a n n e l a t 45  k H z  sp a c in g . Phase n o ise  w a s  add e d  to  th e  C O D E  s p e c if ic a t io n , th e  S S P A  
w as ru n  a t 1 d B  c o m p re s s io n  an d  th e  T W T A  w a s  ru n  in  th e  l in e a r  re g io n  (20  d B  O P B O ). 
T h e  resu lts  in d ic a te  th a t an a d d it io n a l d e g ra d a tio n  o f  u p  to  0.5  d B  can be  e xp e c te d  f r o m  th is  
ty p e  o f  s c in t i l la t io n .  I t  w as  n o te d  th a t a t lo w  s ig n a l to  n o ise  ra t io s , the  M O D E M  w as  less 
l ik e ly  to  lose  s y m b o l t im in g  lo c k  w h e n  s c in t i l la t io n  w as  p resen t th a n  w h e n  i t  w as  n o t. T h is  
is  p resum ed  to  o c c u r as the  s ig n a l e n h a n ce m e n t a t s ig n a l le v e l peeks a llo w e d  th e  M O D E M  
to  s ta y  in  lo c k .  I t  is  assum ed  th a t th e  d ig ita l  d e m o d u la to r  c i r c u i t r y  a l lo w e d  th e  s y m b o l 
t im in g  to  'fre e w h e e l’ d u r in g  th e  s ig n a l le v e l tro u g h s . T h e  re su lts  o f  these m e a su rem en ts  are 
g iv e n  in  f ig u re  4 .7 .2 .9 .
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Bit Error Rate - Scintillation on Uplink
10-1
Eb/No (dB)
F ig u r e  4 .7 .2.9  E f f e c t  o f  1 d B  S ig n a l  S c in t i l la t io n s
Phase n o ise  is  an  im p o r ta n t c o n s id e ra tio n  w h e n  o p e ra tin g  a t lo w  da ta  ra tes  u s in g  P S K  ty p e  
m o d u la t io n  schem es. In  th e  f o l lo w in g  p lo t  f ig u r e  4 .7 .2 . 10, th e  e ffe c t o f  in c re a s in g  th e  
phase no ise  a b o ve  th e  C O D E  s p e c if ic a tio n  w e re  in ve s tig a te d , b y  phase m o d u la tin g  the  lo c a l 
o s c i l la to r  o f  th e  s a te ll ite  s im u la to r  w i t h  a n o is e  sou rce . A  m a rk e d  d e g ra d a tio n  is  e v id e n t 
w h e n  th e  phase n o ise  le v e l is  inc reased . T h e  c o rre s p o n d in g  phase n o ise  m a sks  are g iv e n  in  
th e  second  p lo t  f ig u re  4 .7 .2 . 11. C u rv e  6  g iv e s  th e  re s u lt f o r  th e  C O D E  s e t-u p , w ith  phase  
n o ise  to  the  C O D E  s p e c ific a tio n .
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1. T h e  re s u lts  in d ic a te  th a t  th e  p ro p o s e d  C O D E  sys te m  w i l l  w o r k  w i t h in  th e  3 d B  
im p le m e n ta tio n  m a rg in  sp e c ifie d .
2 . T h e  phase  n o is e  p e r fo rm a n c e  o f  th e  s y s te m  is  c r i t ic a l.  A  10 d B  in c re a se  a b o ve  th a t  
s p e c ifie d  fo r  C O D E  w i l l  cause severe d e g ra d a tio n .
3 . T h e  S S P A  ca n  be ru n  a t 1 d B  c o m p re s s io n  w i t h  l i t t l e  d e g ra d a tio n  and  a lm o s t to  
sa tu ra tio n .
4 . C o n v o lu t io n a l c o d in g  a n d  d e c o d in g  im p ro v e s  th e  b i t  e r ro r  ra te  c o n s id e ra b ly , the  c u rre n t 
M O D E M s  are  l im ite d  b y  th e  p e rfo rm a n c e  o f  th e  c a r r ie r  and  s y m b o l t im in g  c ir c u it r y  a t lo w  
s ig n a l to  n o ise  ra t io s  ra th e r  th a n  b y  th e  C O D E C . I t  is  th o u g h t th a t th is  ca n  be  im p ro v e d  b y  
tr a n s m it t in g  a  lo w  le v e l p i lo t  c a rr ie r . B y  u s in g  a n a rro w  ba n d  f i l t e r  to  d e te c t th e  p i lo t ,  
fre q u e n c y  and  phase lo c k  can be m o re  e a s ily  m a in ta in e d  a t lo w  c a rr ie r to  n o ise  ra tios .
5 . I t  w a s  n o te d  th a t th e  M O D E M  lo c k  u p  t im e  a t lo w  E b /N o  w as o f  th e  o rd e r o f  a fe w  
seconds .
6 . T h e  T W T A  ca n  be o p e ra te d  in  the  n o n - lin e a r  re g io n , th o u g h  n o t a t sa tu ra tion .
7 . C a rr ie rs  ca n  be  spaced  c lo s e r th a n  45  k H z  w h e n  o p e ra tin g  a t 19.2 k b /s , 25  k H z  sp a c in g  
is  usab le .
4.7.3 Comments and conclusions on test results.
8 . T h e  c u rre n t d e s ig n  T R L  M O D E M s  d o  n o t w o r k  w e ll  b e lo w  1-2 d B  E b /N o .
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C o m p a ris o n s  b e tw e e n  th e  re s u lts  o f  these  tes ts  a n d  th e  re s u lts  o f  s im u la t io n s  m a d e  u s in g  
th e  B O S S  p a cka g e  have  been  p e r fo rm e d  b y  M w a n a k a tw e  & W i l l i s  and  a re  p re se n te d  in
[7 ]  [8 ] ,  T h e  B O S S  s im u la t io n s  gave  re s u lts  a p p ro x im a te ly  1 d B  w o rs e  th a n  th e  re s u lts  o f  
th e  m e a su re m e n ts . B e a r in g  in  m in d  th e  u n c e r ta in ty  o f  som e  e x p e r im e n ta l p a ra m e te rs , 
p a r t ic u la r ly  th e  T R L  M O D E M  re sp o n se , th e  B O S S  p a c k a g e  a p p ea rs  to  g iv e  a  g o o d  
in d ic a t io n  o f  h o w  a p ra c t ic a l sys te m  w i l l  p e r fo rm  an d  B O S S  re s u lts  m a y  be  a p p lie d  w ith  
som e  c o n fid e n ce .
1 5 2
A  p ro to ty p e  20/30  G H z  V S A T  has b e e n  s p e c if ie d , based  o n  a s tu d y  a n d  B O S S  [ 11] 
s im u la t io n s  to g e th e r  w ith  th e  n e ce ssa ry  l i n k  b u d g e t a n a ly s is . A  te rm in a l to  m e e t th is  
s p e c if ic a t io n  has b e e n  p ro d u c e d  b y  F e r ra n t i and  th e  u n it  has been  tes ted  o v e r  O ly m p u s . 
S im u la t io n s  h a ve  b e e n  p re fo rm e d  to  assess th e  e ffe c ts  o f  phase  n o ise , a m p litu d e  n o n - 
l in e a r i t ie s  p h a se  n o n - l in e a r it ie s  a n d  a d ja c e n t c h a n n e l in te r fe re n c e . T h e  a d d it io n a l 
d e g ra d a tio n  o n  a fa d e d  c h a n n e l has a ls o  b e e n  in v e s tig a te d . T h e  s im u la t io n s  h a ve  been  
v e r i f ie d  u s in g  h a rd w a re  m e a s u re m e n ts  o n  a s a te l l i te  s im u la to r .  T h e  re s u lts  o f  th e  
s im u la t io n s  and  h a rd w a re  m e a s u re m e n ts  w i l l  be  used  to  p ro v id e  a  b a se lin e  p e rfo rm a n c e  
in d ic a t io n  fo r  the  fa d e  co u n te r-m easu res  e x p e rim e n t.
4.8 Conclusion
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In  o rd e r to  ope ra te  e f f ic ie n t ly  a l l  fa d e  c o u n te r m easure c o n tro l schem es m u s t have  an u p  to  date  
k n o w le d g e  o f  th e  q u a lity  o f  th e  s a te llite  l in k .  D e c is io n s  o n  th e  m o s t a p p ro p r ia te  le v e l o f  fa d e  
c o u n te r  m easu re  to  th e  p re v a il in g  p ro p a g a tio n  e n v iro n m e n t m a y  th e n  be ta k e n . Fade  d e te c tio n  
is  th e re fo re  an  im p o r ta n t aspect o f  a fade  c o u n te r m easures schem e.
T h e  a c c u ra c y  a n d  c u rre n c y  o f  th e  ch a n n e l q u a l ity  m e a s u re m e n t is  p a ra m o u n t. T h e re  is  l i t t l e  
v a lu e  in  la te  p ro p a g a tio n  da ta  w h e re  the  v a r ia b i l i t y  o f  ch a n n e l q u a l ity  o ccu rs  o v e r  a tim e s c a le  
m e a s u re d  in  m in u te s  o r  e ve n  seconds. C h a n n e l q u a l ity  in fo rm a t io n  m a y  b e  g a in e d  b y  th e  
m e a su re m e n t o f  one  o r  m o re  o f  the  pa ram ete rs  lis te d  b e lo w .
P r im a r y  P a r a m e te r s
A t t e n u a t io n  D i r e c t l y  
R a in / I c e  D is t r ib u t io n  a lo n g  l i n k
S e c o n d a r y  P a r a m e te r s
L i n k  C a r r ie r / N o is e  
R e c e iv e r  B i t  E r r o r  R a te  
R e c e iv e d  S ig n a l  C h a r a c te r is t ic s
5. Detection o f Attenuation
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T h e  p r im a ry  p a ra m e te rs  a re  those  th a t cause th e  changes  in  th e  se co n d a ry  p a ram e te rs . A l l  the  
a b o ve  ca n  be d e te rm in e d  b u t  th e re  a re  a d v a n ta g e s  a n d  p ro b le m s  w i t h  ea ch  e s t im a t io n  
te c h n iq u e . T h e  fo l lo w in g  se c tio n s  d e ta il so m e  m e th o d s  th a t m a y  be  e m p lo y e d  in  a sce rta in in g  
l in k  q u a lity .
5.1 B e a c o n  M o n i t o r in g
L in k  a tte n u a tio n  m a y  be  m e a su re d  d ir e c t ly  b y  m o n ito r in g  a b e a co n  o f  k n o w n  s ig n a l p o w e r  
tra n s m itte d  b y  th e  s a te ll ite . A n  a d d it io n a l e a rth  s ta t io n  b e a co n  re c e iv e r  m u s t be  used fo r  th is  
pu rpose . T h e  re c e iv e r  need  n o t be  an  e x p e n s iv e  u n i t  su ch  as th o se  used  f o r  p ro p a g a tio n  da ta  
g a th e r in g  as a b s o lu te  a c c u ra c y  is  u n n e ce ssa ry . A b s o lu te  s ig n a l phase  is  n o t  im p o r ta n t and  
increased  b a n d -w id th  m a y  be used to  re la x  re c e iv e r fre q u e n c y  s ta b il ity  re q u ire m e n ts  so lo n g  as 
the re  is  s u f f ic ie n t  d y n a m ic  ra n g e  to  d e te c t th e  b e a co n  s ig n a l. A m p litu d e  s ta b i l ity  is  im p o rta n t. 
A  m e a su re m e n t o f  re la t iv e  fa d e  d e p th  to  w i t h in  an  a c c u ra c y  o f  1 d B  is  s u f f ic ie n t  fo r  a  20/30 
G H z  fa d e  co u n te r m easures system . I f  a s a te llite  beacon  is  a v a ila b le  a t a fre q u e n c y  c lose  to  th a t 
o f  the  d o w n - l in k ,  th e  e x is t in g  lo w  n o is e  a m p lif ie r /d o w n -c o n v e r to r  m a y  be  used , w ith  th e  
beacon re c e iv e r w o rk in g  c lose  to  th e  m a in  re c e iv e r in te rm e d ia te  fre q u e n cy .
T h e  O ly m p u s  [ 1]  s a te ll ite  tra n s m its  a b e a co n  a t 19.77  G H z . T h is  b e a co n  is  p la c e d  570  M H z  
above  th e  ce n tre  fre q u e n c y  o f  th e  700  M H z  b a n d -w id th  w id e b a n d  tra n s p o n d e r (o u tp u t a t 19.2 
G H z )  a n d  o n ly  300  M H z  a b o ve  to  40  M H z  b a n d -w id th  ch a n n e l 3 tra n s p o n d e r (o u tp u t a t
19.475 G H z ). T h e  20/30  G H z  V S A T  in s ta lle d  a t th e  U n iv e rs ity  o f  S u rre y  (S ee  ch a p te r 4 ) w as 
s p e c i f ic a l ly  d e s ig n e d  to  p e rm it  th e  O ly m p u s  b e a c o n  s ig n a l to  be  ta p p e d  o f f  th e  f i r s t  IF ,  
(n o m in a l ly  750  M H z ) ,  f o r  e x p e r im e n ta l pu rposes . T h e  be a co n  s ig n a l, w h ic h  appears a t 1.045 
G H z  is  d o w n -c o n v e rte d  to  a s ta n d a rd  70  M H z  I F  an d  m o n ito re d  fo r  p ro p a g a tio n  m easu rem en t
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purposes a nd  to  a llo w  fa d e  d e te c tio n  f o r  fa d e  c o u n te r m easure  schem es. T h e  s ig n a l le v e l o f  the  
be a co n  is  a p p ro x im a te ly  60  d B  ab o ve  n o ise  in  a 1 H z  b a n d w id th . M e a s u r in g  th e  p o w e r  in  a 10 
k H z  b a n d w id th  u s in g  a b a n d  pass f i l t e r  ce n tre d  o n  th e  beacon  fre q u e n c y  w o u ld  g iv e  a  C /N  o f  
20  d B  u n d e r c le a r  sky , p ro v id in g  e n o u g h  d y n a m ic  range  fo r  a 20/30  G H z  V S A T  fa d e  c o u n te r 
m e a su re  schem e. T h e  use o f  n a rro w e r  b a n d w id th  f i l te r s  to  increase  th e  d y n a m ic  ra n g e  s h o u ld  
be  a v o id e d  as V S A T  fre q u e n c y  s ta b il ity  becom es m o re  c r it ic a l.
A  lo w  c o s t re c e iv e r  ca p a b le  o f  p ro v id in g  an  o u tp u t p ro p o r t io n a l to  s ig n a l a m p litu d e  w ith  a  10 
k H z  b a n d w id th  has been  c o n s tru c te d  based o n  th e  M o to ro la  M C 3362  n a rro w  ba n d  F M /F S K  
c h ip  b y  th e  a u th o r  f o r  use w it h  th e  U o S A T  3 s a te ll ite  d e v e lo p e d  a t th e  U n iv e rs i ty  o f  S u rre y . 
V a r io u s  d e te c to rs  based  o n  th e  N E 602/604  c h ip s  d e m o n s tra te d  an o u tp u t  p ro p o r t io n a l to  
p o w e r  in  d B m  lin& srto  w ith in  1 d B  o v e r a 70  d B  range.
I t  w a s  d is c o v e re d  th a t  th e  V S A T ,  w h ic h  is  a s ta n d a rd  F e rra n t i u n i t  d e s ig n e d  f o r  th e  E S A  
C O D E  [2 ]  t r ia ls ,  d id  n o t h a v e  s u f f ic ie n t  a m p litu d e  s ta b i l i t y  o w in g  to  th e  e ffe c ts  o f  e x te rn a l 
te m p e ra tu re  v a r ia t io n . A  d a y  to  d a y  v a r ia t io n  o f  th e  o rd e r o f  2  to  3 d B  w a s  n o te d , a p p a re n tly  
d e p e n d in g  o n  e x te rn a l te m p e ra tu re . A f t e r  e n c lo s in g  th e  R F  c o m p o n e n ts  in  a te m p e ra tu re  
s ta b ilis e d  h o u s in g , th e  a m p litu d e  s ta b i l i t y  im p ro v e d  to  an a cce p ta b le  le v e l o f  u n d e r 1 d B . T h e  
p re c is e  s ta b i l i ty  i t  d i f f i c u l t  to  q u a n t i fy  as i t  b ecam e  m a ske d  b y  la rg e r  d a y  to  d a y  v a r ia t io n s  in  
a tm o s p h e r ic  a tte n u a tio n . S im ila r ly ,  ra in d ro p s  w e re  d is c o v e re d  to  be c o l le c t in g  o n  th e  fe e d  
h o rn , a re g io n  o f  h ig h  R F  f ie ld  an d  m easures w e re  ta k e n  to  p re v e n t ra in  fa l l in g  on  th e  fe e d  b y  
p ro v id in g  a P T F E  sh ie ld . T h is  s h ie ld  w a s  des igned  to  have  m in im a l b lo c k a g e  and  n o  e ffe c t o n  
s ig n a l a m p litu d e  o r  X P D  w e re  n o te d  on  f i t t in g  i t .  T h e  e ffe c t o f  ra in d ro p s  re m a in in g  o n  th e  fe e d  
h o rn  w as  to  p ro lo n g  th e  d u ra t io n  o f  ra in  fa d e  even ts . I t  is  im p o r ta n t to  a v o id  such  e ffe c ts  in  a 
fa d e  c o u n te r m easure  schem e w h e re  an  accura te  d e te rm in a tio n  o f  the  l in k  q u a lity  is  re q u ire d .
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T h e  co s t o f  e n s u r in g  th e rm a l s ta b i l i t y  s h o u ld  be  c o n s id e re d  as p a r t o f  th e  o v e ra l l  co s t o f  th e  
fa d e  c o u n te r m easu res ’ schem e . M e th o d s  o f  p re v e n t in g  ra in  an d  sn o w  c o l le c t in g  o n  p a rts  o f  
th e  an tenna  s h o u ld  be  p ro v id e d  as p a rt o f  th e  an tenna  des ign . T h is  is  e s p e c ia lly  tru e  a t K a  band  
b u t is  a lso  im p o r ta n t fo r  K u  b a n d  system s.
F ig u re  5 . 1.1 sh o w s  a ty p ic a l  o u tp u t f r o m  th e  b e a co n  re c e iv e r . T h e  u p p e r s ig n a l is  X P D , th e  
lo w e r  is  beacon  le v e l. T h e  n o ise  a p p a re n t o n  th e  X P D  m e a su re m e n t is  p a r t ly  o w in g  to  th e  lo w  
c a rr ie r  to  n o ise  le v e l o f  th e  c ross  p o la r  s ig n a l, a n d  p a r t ly  o w in g  to  in a d e q u a c ie s  in  the  be a co n  
re c e iv e r d ig ita l s ig n a l p ro ce ss in g  a lg o r ith m s .
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F ig u re  5 . 1.1 B e a co n  R e c e iv e r O u tp u t
5.2 R a d io m e t e r  b a s e d  d e te c to r s
I f  n o  beacon  s ig n a l is  a v a ila b le  a t a c o n v e n ie n t fre q u e n c y , an  a tte n u a tio n  e s tim a te  m a y  be 
fo u n d  b y  u s in g  a ra d io m e te r . A  ra d io m e te r  m easu res  th e  a tm o s p h e ric  n o ise  p o w e r  a t i ts  in p u t
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and  co m p a re s  th is  w ith  the  o u tp u t f r o m  a lo a d  re s is to r a t a c o n tro lle d  te m p e ra tu re .T h is  a l lo w s  
th e  ra d io m e te r  to  e s tim a te  th e  s k y  n o is e  te m p e ra tu re  w h ic h  can  be e q u a te d  w ith  th e  l in k  
a tte n u a tio n  k n o w in g  th e  ra in  te m p e ra tu re  an d  b a c k g ro u n d  (c le a r  s k y )  te m p e ra tu re . T h e  
in c re a se d  n o ise  te m p e ra tu re  o f  th e  a tte n u a tin g  m e d iu m  (ra in , c lo u d , ic e )  re la t iv e  to  c le a r  a ir  
increases th e  e ffe c tiv e  re c e iv e r n o ise  te m p e ra tu re  a t th e  ra d iom e te r. T h is  increase  in  no ise  le v e l 
can  be m ea su re d  o v e r  an  unused  fre q u e n c y  ch a n n e l c lose  to  the  l in k  fre q u e n c y  and  equa ted  to  
the  ra in  a tte n u a tio n . A s  lo n g  as th e re  a re  n o  in te r fe r in g  s igna ls  the  lo c a l a tte n u a tio n  le v e l can be 
e s tim a te d  ra p id ly .
O n ce  c a lib ra te d , a ra d io m e te r  is  c a p a b le  o f  h ig h ly  a ccu ra te  m e a su re m e n ts  o f  lo w  le v e l ra in  
a tte n u a tio n . T h e  a c c u ra c y  decreases as th e  fa d e  d e p th  increases. T h is  loss in  a ccu ra cy  is  c le a r  
f r o m  th e  a p p ro x im a te d  ra d io m e te r e q u a tio n  (6 )  in  sec tion  3 .
T ra in  ~  T d e a r t^ ra in ]  +  275 [  [  1.0  -  a r a in ]  K e lv in  ( 1)
w he re :
T ra in  =  S k y  no ise  te m p e ra tu re  ( K )  in  the  presence o f  ra in  a tte n u a tio n .
T c le a r =  S k y  n o ise  te m p e ra tu re  ( K )  in  th e  absence o f  ra in  a tte n u a tio n , 
a ra in  =  In v e rs e  o f  loss  f r o m  ra in  a tte n u a tio n .
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T h e  q u a n tity  a  becom es m u c h  less than  u n ity  as th e  a tte n u a tio n  inc reases  a = 0.01 f o r  a 20  d B  
fa d e ) and  ra p id ly  becom es n e g lig ib le . T h is  e f fe c t is  i l lu s tra te d  b e lo w  in  f ig u re  5 .2 .1, w h e re  the  
s k y  n o ise  tem pe ra tu re  has been  assum ed to  b e  60K  w ith  a 1 d B  c le a r s k y  a tte n u a tio n  le v e l:
F ig u re  5 .2.1 S k y  N o is e  T e m p e ra tu re  vs  Fade D e p th
F o r  lo w  a tte n u a tio n  le v e ls  ty p ic a l o f  the  re g io n  w h e re  fa d e  c o u n te r m easures a re  m o s t e f fe c t iv e  
(u p  to  a ro u n d  10 d B ) , th e  ra d io m e tr ic  a p p ro a c h  can  g iv e  g o o d  e s tim a te s  o f  th e  a tte n u a tio n  
le v e l.  U n fo r tu n a te ly ,  c o m m e rc ia l ra d io m e te rs  a re  e x p e n s iv e  o w in g  to  th e  s t r ic t  s ta b i l i t y  
re q u ire m e n ts  and the  lo w  sys tem  n o ise  te m p e ra tu re  needed, a d d in g  unaccep tab le^  to  the  V S A T  
p r ic e .
P e rso n a l e xp e rie n c e  w ith  da ta  p ro c e s s in g  f o r  a 30  G H z  ra d io m e te r  o p e ra te d  in  c o n ju n c t io n  
w ith  a 30  G H z  beacon  re c e iv e r  a t th e  R u th e r fo rd  A p p le to n  la b o ra to ry  in  O x fo rd s h ire  sh o w e d  
th a t th e  a g re e m e n t b e tw e e n  ra d io m e te r  d e r iv e d  a tte n u a tio n  an d  m e a su re d  b e a co n  le v e l w as  
g o o d  as lo n g  as th e  c o rre c t c a lib ra t io n  p a ra m e te rs  f o r  th e  ra d io m e te r  w e re  used . C a lib ra t io n
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pa ram e te rs  in c lu d e  the  re fe re n ce  lo a d  n o ise  te m p e ra tu re , th e  an tenna e ff ic ie n c y  fa c to r , re la tiv e  
h u m id ity ,  a m b ie n t te m p e ra tu re , e f fe c t iv e  m e d iu m  te m p e ra tu re  and scale le n g th . U n fo r tu n a te ly  
som e o f  these  pa ram e te rs  are v a r ia b le  and  m u s t a lso  be  m easured. T h e  sca le  le n g th  depends on  
the  fre e z in g  le v e l as w e ll  as th e  e le v a tio n  a n g le  and  va rie s  w ith  season. F o rtu n a te ly  th e  e ffe c ts  
o f  these v a r ia t io n s  m a y  be re m o v e d  b y  c le a r  w e a th e r c a lib ra t io n , p o s s ib ly  based o n  lo n g  te rm  
b i t  e r ro r  ra te  m easurem ents .
D u r in g  ic e  e v e n ts  th e  c ro ss  p o la r  d is c r im in a t io n  ca n  be d e g ra d e d  w i t h  l i t t l e  c o -p o la r  
a tte n u a tio n . W h e re  sys te m s  use  th e  c ro ss  p o la r  c h a n n e l to  in c re a se  s p e c tru m  e f f ic ie n c y  
in te r fe re n c e  ca n  re s u lt. In c re a s in g  tra n s m it te r  p o w e r  w i l l  in c rease  th e  in te r fe re n c e  to  o th e r  
users  a n d  is  th e re fo re  n o t  an  a p p ro p r ia te  c o u n te r  m easu re , w he reas  c h a n g in g  co d e  ra te  to  a 
m o re  ro b u s t code  w i l l  b e n e fit th e  b i t  e r ro r  p e rfo rm a n c e  w ith o u t in c re a s in g  in te rfe re n c e  to  o th e r 
users. R a d io m e te rs  d o  n o t re l ia b ly  d e te c t cross p o la r  d is c r im in a t io n  d e g ra d a tio n  events. O w in g  
to  th e  s ize  o f  ic e  c ry s ta ls  an d  th e  s c a tte r in g  c h a ra c te r is t ic s  o f  ic e  cross p o la r  d is c r im in a t io n  
d e g ra d a tio n  even ts  can be  p a r t ic u la r ly  severe  a t a ro u n d  20  G H z .
5.3 C a r r i e r  to  N o is e  R a t io  M e a s u r e m e n ts
I t  is  p o s s ib le  to  deduce  th a t fa d in g  has o c c u re d  b y  n o t in g  a n y  re d u c tio n  in  l in k  c a rr ie r  to  n o ise  
ra t io  seen a t the  re c e iv e r. I f  th e  s ig n a l to  n o ise  ra t io  o f  o n ly  one  c a rr ie r can be m o n ito re d  th e n  i t  
is  n o t p o ss ib le  to  deduce  w h e th e r a n y  fa d in g  th a t is  de tec ted  is  caused b y  a tte n u a tio n  o f  the  u p ­
l in k  o r  b y  a tte n u a tio n  o f  th e  d o w n - l in k  (u n le s s  o f  co u rse  i t  is  a lo o p -b a c k  s ig n a l) . I f  a lo o p -  
b a c k  s ig n a l is  a v a ila b le , fa d in g  f o r  th e  u p - l in k  a n d  d o w n - l in k  w i l l  be c o u p le d  (C h a p te r 2 ) and  
an  e s t im a t io n  o f  th e  a tte n u a t io n  a t ea ch  fr e q u e n c y  ca n  be m a d e  u s in g  th e  a p p ro p r ia te  
fre q u e n c y /a tte n u a tio n  s c a lin g  fa c to rs . F o r  som e  ty p e s  o f  c o u n te r m easure  fa d e  lo c a t io n  m a y
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n o t be  necessary . F o r  e x a m p le  w ith  u p - l in k  p o w e r  c o n tro l fa d e  lo c a t io n  d a ta  is  an  im p o r ta n t 
p a ra m e te r, b u t w ith  c o d in g  schem es o n ly  th e  o v e ra ll l in k  q u a lity  need be k n o w n .
I f  m a n y  c a rr ie rs  fr o m  d if fe re n t e a rth  s ta tio n s  ca n  b e  m o n ito re d , ra in  a tte n u a tio n  s ta tis t ic s  [See 
C h a p te r 2]  in d ic a te  th a t o n ly  a s m a ll pe rcen tage  o f  th e  ca rr ie rs  w i l l  be fa d e d  a t a n y  tim e . A  fa l l  
in  th e  le v e l o f  a l l  c a rr ie rs  th e re fo re  b y  b a la n c e  o f  p ro b a b i l i ty  im p lie s  a  fa d e  lo c a lis e d  to  th e  
re c e iv e r, i.e . a d o w n - lin k  fa d e .A  re la tiv e  re d u c t io n  in  o n ly  the  in te n d e d  d o w n - l in k  s ig n a l w h e n  
c o m p a re d  w ith  o th e r d o w n - lin k s  suggests  an  u p - l in k  fa d e . A  w id e -b a n d  re c e iv e r  is  used  in  
a d d it io n  to  th e  m a in  re c e iv e r , a n d  th e  to ta l d o w n - l in k  s ig n a l p o w e r  m e a su re d . T h e  c o n tro l 
a ccu ra cy  w i l l  be a fu n c t io n  o f  th e  d iv e rs ity  o f  l in k s  th a t are m o n ito re d .
T h e  te c h n iq u e  does n o t w o rk  as w e ll  i f  p o w e r c o n tro l schem es are in  use as th e  v a r ia b le  u p ­
l in k  s ig n a ls  o f  re m o te  s ta tio n s  g iv e  m is le a d in g  re su lts . T h is  does n o t a p p ly  i f  lo o p -b a c k  s ig n a l 
d e te c tio n  is  used, because the  m e a su rin g  E a rth  s ta tio n  c o n tro ls  th e  p o w e r tra n s m itte d . W h e re  a 
s a te ll ite  is  o p e ra tin g  w ith  A L C ,  th e  s a te ll ite  g a in  w i l l  d e p e n d  on  th e  n u m b e r  o f  a cce ss in g  
c a rr ie rs . T h is  is  u n l ik e ly  to  be  s ta t ic , le a d in g  to  fa ls e  d e te c t io n  o f  lo c a lis e d  fa d in g . F o r  th e  
O ly m p u s  sa te llite  is  u s u a lly  ope ra ted  in  A L C  m o d e  f o r  C O D E  access [7 ] .
A n  advan tage  in  the  c a rr ie r to  no ise  m e a su re m e n t te c h n iq u e  is  th a t i t  is  re la t iv e ly  in s e n s it iv e  to  
sys te m  g a in  v a ria tio n s , assum ing  th e  sys tem  g a in  is  adequa te  to  a l lo w  th e  d e m o d u la to r  to  w o rk  
c o r re c t ly  and  th a t g a in  v a r ia tio n s  d o  n o t a d v e rs e ly  a f fe c t the  sys te m  n o ise  te m p e ra tu re . T h is  is  
because the  g a in  va ria tio n s  a ffe c t the  le v e l o f  th e  s ig n a l and e x te rn a l n o ise  b y  th e  sam e am oun t. 
W e  are in te re s te d  o n ly  in  the  d iffe re n c e  b e tw e e n  these le v e ls  and  n o t th e ir  a b so lu te  va lu e s , as 
i l lu s tra te d  in  f ig u re  5 .3.1
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F ig u re  5 .3.1 E f fe c t  o f  R e c e iv e r G a in  V a r ia t io n  o n  C /N  M e a su re m e n t
P ro b le m s  can  o c c u r w h e n  the  a  s a te llite  tra n sp o n d e r is  used  in  a m u lt i-c a r r ie r  m ode . T o  a ch ieve  
th e  m a x im u m  th ro u g h p u t th e  tra n s p o n d e r T W T A  w i l l  be  o p e ra te d  as c lo s e  to  s a tu ra tio n  as 
p o s s ib le  w ith o u t  c a u s in g  in to le ra b le  in te rm o d u la t io n  p ro b le m s . T h e  le v e l o f  in te rm o d u la t io n  
p ro d u c ts  in  an  u n o c c u p ie d  c h a n n e l w i l l  be  d i f f i c u l t  to  p re d ic t  a n d  is  l ik e ly  to  c h a n g e  
c o n s id e ra b ly  w ith  s m a ll changes in  c a rr ie r  le v e ls . S im u la t io n s  to  assess th is  e ffe c t are re p o rte d  
in  ch a p te r 8 .
I n  th e  s im u la t io n s  i t  w as  d is c o v e re d  th a t a s im p le  m e a su re m e n t u s in g  a b a n d  pass f i l t e r  o f  the  
sam e b a n d w id th  as the  da ta  c a rr ie r  to  m easu re  th e  s ig n a l p o w e r w ith  a n o th e r band  pass f i l t e r  to  
m easu re  the  n o ise  p o w e r  gave  g o o d  re s u lts  w h e n  th e  s a te ll ite  tra n sp o n d e r w a s  o pe ra ted  in  th e  
l in e a r  m o d e  and  w h e n  th e  n o is e  p o w e r  w a s  e s s e n tia lly  G auss ian . W h e n  th e  tra n sp o n d e r w a s  
o p e ra te d  in  a n o n - lin e a r m o d e  in te rm o d u la t io n  p ro d u c ts  e ffe c te d  the  o u tp u t.
U n fo r tu n a te ly  th e  sp e c tru m  o f  th e  in te rm o d u la t io n  p ro d u c ts  isO cbG aussian, an d  the  response  
o f  th e  d e m o d u la to r  to  th e  c o m b in a t io n  o f  C /N  a n d  C / I  in  te rm s  o f  the  b i t  e r ro r  ra te  is  n o t th e  
sam e as i t  is  f o r  C /N  a lone . A  second  p ro b le m  is  th a t the  le v e l o f  in te rm o d u la tio n  no ise  w i l l  n o t 
be  c o n s ta n t in  a  re a l sys tem . T h is  ty p e  o f  d e te c to r  is  n o t  ca p a b le  o f  s e p a ra tin g  C / I  f r o m  C /N ,
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le a d in g  to  in c o r re c t fa d e  le v e l e s tim a tio n s . A lth o u g h  i t  is  p o ss ib le  to  a l lo w  f o r  the  tra n sp o n d e r 
o p e ra tin g  p o in t  and  i t  can  be assum ed th a t th is  re m a in s  co n s ta n t u n d e r c o rre c t A L C  a c tio n , th e  
le v e l  o f  in te rm o d u la t io n  n o is e  w i l l  v a ry  c o n s id e ra b ly  as s ta t io n s  c o m m e n c e  a n d  cease  
tra n s m is s io n s .
T h is  p ro b le m  c a n  be o v e rc o m e  b y  m e a s u r in g  th e  n o is e  le v e l a t a p o in t  w h e re  n o  
in te rm o d u la t io n  p ro d u c ts  o c c u r, such as ju s t  o u ts id e  th e  tra n sp o n d e r passband  th o u g h  th is  w i l l  
n o t p e rm it  the  sys te m  to  re sp o n d  c o r re c t ly  to  v a r ia t io n s  in  d o w n - l in k  s ig n a l le v e l caused  b y  
fa d in g  a t th e  re m o te  u p - l in k ,  an d  m a y  g iv e  fa ls e  responses to  changes  in  th e  s a te ll ite  E IR P  
caused  b y  A L C  w h e re  a sys te m  is  re m o te  u p - l in k  l im ite d .  A n  e x a m p le  o f  a  re m o te  u p - l in k  
l im ite d  sys tem  is  the  C O D E  V S A T  [2] .
V a r ia t io n s  in  in te rm o d u la t io n  no ise  le v e ls  can be re duced  b y  m e a su rin g  th e  n o ise  p o w e r o v e r  a 
la rg e  b a n d w id th . I t  is  n o t l ik e ly  th a t th is  w i l l  be  p o s s ib le  in  a V S A T  n e tw o rk  w i t h  m a n y  
s ta t io n s  i f  th e  tra n s p o n d e r b a n d w id th  is  used  e f f ic ie n t ly  as th e  m a n y  V S A T  c a rr ie rs  w i l l  be 
sp a ce d  as c lo s e ly  as p o s s ib le  to  u t i l is e  th e  f u l l  t r a n s p o n d e r  b a n d w id th .  T h e r e fo r e  
in te rm o d u la t io n  fre e  gaps are n o t l ik e ly  to  be fo u n d .
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T h e  c h a n n e l b i t  e r ro r  ra te  is  re la te d  to  th e  c a r r ie r  to  n o is e  le v e l;  In d e e d  i t  is  the  a im  o f  the  
c o u n te r  m easu re  schem e to  h o ld  th e  b i t  e r ro r  ra te  a t o r  ju s t  b e lo w , a s p e c if ie d  m a x im u m . A  
c o u n te r  m e a su re  sch e m e  based  o n  b i t  e r ro r  ra te s  w o u ld  m a in ta in  a v a i la b i l i t y  eve n  u n d e r  
c o n d it io n s  o f  in te rfe re n c e  w h e n  s ig n a l a tte n u a tio n  m e a su re m e n ts  can  g iv e  m is le a d in g  re su lts . 
R e g re tta b ly  a t lo w  data  ra tes  the  b i t  e r ro r  ra te  is  d i f f i c u l t  to  m easure  a c c u ra te ly  enough  in  t im e  
to  ta k e  c o r re c t iv e  a c tio n . T h e  re ason  f o r  th is  is  th e  s ta t is t ic a l n a tu re  o f  th e  e rro rs . T o  o b ta in  
g o o d  a c c u ra c y  m a n y  e rro rs  m u s t be  d e te c te d , b u t  a t lo w  d a ta  ra tes  fe w  e rro rs  a re  d e te c te d  
b e fo re  th e  ch a n n e l q u a l ity  changes. I f  a  fa d e  d e te c t io n  sch e m e  is  to  d e te c t a  change  in  th e  b i t  
e r ro r  ra te , then  th e  system  w i l l  need  to  d e te c t a t le a s t 50-100 e rro rs  [6 ]  b e fo re  b e co m in g  a b le  to  
g iv e  a reasonab le  b i t  e r ro r  ra te  e v a lu a tio n .
F o r  e x a m p le  i f  a  v id e o -c o n fe re n c in g  n e tw o rk  s p e c ifie s  th e  m a x im u m  b i t  e r ro r  ra te  to  be 10"^ , 
th e n  to  d e te c t 50  e rro rs  th e  schem e  m u s t e x a m in e  50  x  10^  b its . A t  a  c h a n n e l ra te  o f  2  M b /s  
th is  w o u ld  re q u ire  a s a m p le  t im e  o f  25  seconds . S u c h  a lo n g  s a m p le  t im e  w o u ld  s e v e re ly  
re s t r ic t  th e  response  o f  a  F C M  c o n tro l sch e m e  to  ra p id  changes in  fa d in g  le v e l.  F o r tu n a te ly , 
w ith  e r ro r  c o rre c t iv e  c o d in g  th e  d e c o d e r c a n  be  d e s ig n e d  to  g iv e  an  in d ic a t io n  o f  the  b i t  e r ro r  
ra te  m o re  r a p id ly ,  f o r  e x a m p le  b y  re -e n c o d in g  th e  d a ta  a n d  c o m p a r in g  th e  m o re  fre q u e n t 
c h a n n e l e rro rs . T h e  a c c u ra c y  o f  th e  e s tim a te d  b i t  e r ro r  ra te  m a y  n o t be  v e ry  goo d  b u t w i l l  a t 
le a s t g iv e  an  in d ic a t io n  o f  h o w  m a n y  e rro rs  th e  C O D E C  is  c o rre c t in g . S om e  V ite rb i  d e c o d e r 
L S I ch ip s  p ro v id e  a  b i t  e r ro r  ra te  e s tim a tio n  o u tp u t [8 ] .
In  V S A T  n e tw o rk s , w h e re  re tu rn  d a ta  ra te s  m a y  b e  as lo w  as 9:6  k b /s , e ve n  w ith  1/2 ra te  
c o d in g  d o u b lin g  th e  ch a n n e l ra te  to  19.2 k b /s , th e  t im e  needed  to  d e te c t 50  e rro rs  a t a  ty p ic a l
5.4 Bit Error Rate Measurements
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c h a n n e l b i t  e r ro r  ra te  o f  5  x  10-4 j s 5  seconds. T h is  d e la y , w h e n  c o m b in e d  w ith  th e  s a te ll ite  
h o p  d e la ys  w i l l  s ig n if ic a n t ly  a ffe c t the  sys tem  p e rfo rm a n c e  o f  som e serv ices.
A n  e x a m p le  o f  e r ro r  ra te  c o u n t in g  based  fa d e  c o u n te r  m e a su re s  is  th e  E S A  D IC E  [3 ]  
e x p e r im e n t, th a t uses th e  b i t  te c h n iq u e  to  assess l in k  q u a lity .  T h e  b i t  e r ro r  ra te  is  d e te rm in e d  
f r o m  th e  m e tr ic  o u tp u ts  o f  th e  V ite rb i  d e co d e r used  to  inc rease  p o w e r  e ff ic ie n c y .  In  th is  case 
th e  M O D E M s  ope ra te  a t 2  M b /s , w ith  1/2 ra te  c o d in g  so th a t th e  ch anne l ra te  is  4  M b /s . S pread  
s p e c tru m  te c h n iq u e s  a re  used  to  p ro v id e  c o d in g  g a in  u s in g  th e  fa d e  s p re a d in g  te c h n iq u e , 
o u tlin e d  in  c h a p te r 6 .
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A  s l ig h t ly  m o re  c o m p le x  m e a su re m e n t o f  th e  b i t  e r ro r  ra te  m a y  be  m a d e  b y  e x a m in in g  the  
re ce ive d  s ig n a l a fte r th e  M O D E M  d e m o d u la to r b u t b e fo re  th e  b i t  d e c is io n  se c tio n . T h e  exam p le  
assum es a P S K  m o d u la t io n  schem e b u t th e re  is  n o  re ason  to  p re v e n t a s im ila r  p r in c ip le  b e in g  
used w ith  o th e r  m o d u la tio n  classes w h e re  a s o ft d e c is io n  M O D E M /d e c o d e r  u n i t  is  in  use.
T h e  c e rta in ty  o f  each ch a n n e l b i t  is  a v a ila b le  as the  s o ft  d e c is io n  o u tp u t f r o m  the  d e m o d u la to r. 
T h e  s tandard  d e v ia tio n  o f  the  s o ft d e c is io n  v a lu e s  f r o m  the  nearest, o r  m e a n , da ta  p o in t g ive s  a 
m easure  o f  th e  o v e ra ll ch a n n e l q u a lity .  F o r  e x a m p le  2 3  o r  4  s o ft d e c is io n  b its  m a y  be used in  
a B P S K  M O D E M , an  e s t im a t io n  o f  th e  phase  e r ro r  m a y  be fo u n d  b y  c o m p a r in g  the  o u tp u t 
f r o m  each M O D E M .
In  th e  B P S K  d e te c to r  th e re  a re  tw o  p o s s ib le  o u tp u ts , 0  a n d  1, d e p e n d e n t o n  th e  s ig n a l phase.
W ith  th e  3 b i t  s o ft  d e c is io n  d e te c to r  th e re  a re  e ig h t p o s s ib le  o u tp u ts , 000  0 0 1 ,0 1 0 .......... 111 .
W h e n  th e  phase e rro r  is  z e ro , th e  d e te c to r m a y  o u tp u t 000  w h e n  th e  d a ta  is  0 , and  111 w h e n  
th e  d a ta  is  1. W h e n  th e  phase  e r ro r  is  la rg e , b u t n o t  la rg e  e n o u g h  to  g iv e  a  b i t  e rro r , th e  
d e te c to r m a y  o u tp u t 001 f o r  0  o r  110 f o r  1.
\
A  s o ft  d e c is io n  V it e r b i  d e c o d e r ta ke s  a d v a n ta g e  o f  th e  re la t iv e  c e r ta in ty  o f  each  in p u t  b i t ,  
p ro v id in g  an  im p ro v e m e n t in  p e rfo rm a n c e  o v e r  a d e c o d e r u s in g  h a rd  (1 b i t )  d e c is io n s . I f  n o n ­
id e a l o u tp u ts  f r o m  th e  s o f t  d e c is io n  d e te c to r  a re  c la sse d  as p s e u d o -e rro rs , th e n  th e  p se u d o - 
e rro r ra te  w i l l  in d ic a te  a m o re  ra p id  e s tim a tio n  o f  th e  ch anne l c o n d itio n s  th a n  th e  rea l e rro r rate. 
T h e  a d va n ta g e  o f  th is  s im p le  schem e is  th a t n o  e r ro r  d e te c t io n  c o d in g  o f  th e  da ta  is  re q u ire d
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and  e rro r  e s t im a tio n  m a y  be  m a d e  b e fo re  a n y  e rro r  c o rre c tio n  c irc u it r y .  A  d isa d van ta g e  is  th a t 
phase e rro rs  in  th e  d e m o d u la to r  le a d  to  an inc rease  in  th e  p e rc e iv e d  e r ro r  ra te , ( th e y  w i l l  a lso  
in c re a s e  th e  b i t  e r ro r  ra te ). H e n c e  a  b e tte r  e r ro r  e s t im a t io n  can  be  fo u n d  b y  m e a s u r in g  th e  
s ta n d a rd  d e v ia t io n  f r o m  th e  m e a n  d a ta  p o in ts . T h is  s o ft d e c is io n  m e a su re m e n t m e th o d  has the  
advan tages o f  b e in g  re la t iv e ly  easy to  im p le m e n t and  can be f i t te d  to  e x is tin g  lin k s , w ith o u t  the  
ne e d  f o r  n e w  R F  h a rd w a re . I t  is  a n a lo g o u s  to  o b s e rv in g  th e  openness o f  th e  e ye  p a tte rn  in  
a n a lo g u e  d e m o d u la to rs . F ig u re  5 .5.1 i llu s tra te s  th e  sca tte rin g  o f  phase m easu rem en ts  a b o u t the  
id e a l p o in t.
A  C ossap  [5 ]  s im u la t io n  o f  th is  m e th o d  has been  d e v e lo p e d  c o n c e n tra tin g  o n  th e  r .m .s  phase  
d e v ia t io n  f r o m  th e  m e a n  sa m p le  p o in ts  and  w as  fo u n d  to  g iv e  g o o d  re su lts  in  th e  p resence  o f  
a d d it iv e  w h ite  G a u s s ia n  n o is e  a n d  in te rm o d u la t io n .  T h e  o u tp u t f r o m  th is  s im u la t io n  is  
p resen ted  in  ch a p te r 8 .
F ro m  S im u la t io n , i t  w as  fo u n d  th a t o v e r 1000 b i t  sam ples w e re  re q u ire d  to  g iv e  a s tab le  o u tp u t 
le v e l a t  a c a r r ie r  to  n o is e  le v e l f r o m  a ro u n d  -5 d B  to  10 d B , w it h  a la rg e r  n u m b e r  o f  b i t  
sa m p le s  g iv in g  p ro g re s s iv e ly  m o re  s ta b i l ity .  B e lo w  -5 d B  the  phase  lo c k  b e ca m e  e rra t ic  and  
a b o ve  10 d B  th e  d e v ia t io n  becom es s m a ll. T h is  d e te c to r used tru e  s o ft d e c is io n  le v e ls  based on  
32  b i t  f lo a t in g  p o in t  n u m b e rs . Q u a n tis a t io n  to  fe w e r  b its  is  e xp e c te d  to  re d u ce  a c c u ra c y  b u t is  
u n l ik e ly  to  be a p ro b le m  f o r  8  b i t  w o rd s  o r  g rea te r.
F ig u r e  5 .5.1  B P S K  P h a s e  D ia g r a m
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I f  one  o f  the  a b o ve  m e th o d s  o f  b i t  e r ro r  ra te  a n a ly s is , c a r r ie r  to  n o ise  ra te  e s tim a t io n , beacon  
m e a su re m e n t, ra d io m e try  a n d  s ig n a l q u a l ity  e v a lu a t io n  are  used , th e n  a fa d e  ca n  be d e te c te d  
and  som e a c tio n  taken . T h e  beacon  m e a su re m e n t te ch n iq u e s  p ro v id e  th e  m o s t accu ra te  resu lts , 
as a f u l l  in d ic a t io n  o f  th e  ch anne l c h a ra c te ris tic s  is  a v a ila b le  w h e n  beacons c lo se  to  th e  u p - l in k  
an d  d o w n - lin k  fre q u e n c ie s  a re  m o n ito re d . I f  b e a co n  m e asu rem en ts  are c o u p le d  w ith  c a r r ie r  to  
n o is e  ra t io  m e a su re m e n ts , i t  is  p o s s ib le  to  d e te c t fa d in g  o n  th e  re m o te  u p - l in k ,  a n d  th e re b y , 
u s in g  fre q u e n c y  s ca lin g , to  d e te c t fa d in g  o n  th e  re m o te  d o w n - lin k ,  a l lo w in g  th e  p o s s ib il i t y  o f  
d o w n - lin k  p o w e r  c o n tro l schem es. B i t  e r ro r  ra te  m e a su re m e n ts  ha ve  a d va n ta g e s  in  te rm s  o f  
h a rd w a re  c o s t, b u t  u n le s s  th e  d a ta  ra te  is  h ig h ,  h a v e  s lo w  re sponse  t im e s , a n d  g iv e  n o  
in d ic a t io n  o f  fa d e  lo c a tio n . C a r r ie r  to  n o is e  ra t io  m e a su re m e n ts  a n d  o th e r m easu res  o f  s ig n a l 
q u a l ity  a re  a lso  c a p a b le  o f  g o o d  re s u lts  a t lo w  in i t ia l  co s t, b u t  g iv e  n o  in d ic a t io n  o f  fa d e  
lo c a t io n . F o r  som e  typ e s  o f  fa d e  c o u n te r  m e a su re , su ch  as a d a p tiv e  c o d in g , th is  does  n o t 
m a tte r. T h e  m e th o d  o f  s o ft d e c is io n  m e tr ic  m e a su re m e n t w h e n  such  an o u tp u t is  a v a ila b le  f r o m  
a M O D E M  has been  d e m o n s tra te d  b y  s im u la t io n  te c h n iq u e s  [c h a p te r  8 ]  to  g iv e  g o o d  
pe rfo rm a n ce  a t lo w  a d d itio n a l M O D E M  cost.
W h ic h e v e r  fa d e  d e te c t io n  m e th o d  is  ch o se n  f o r  a p a r t ic u la r  s ys te m  i t  m u s t be  c o n s id e re d  in  
re la tio n  to  the  fa d e  co u n te r m easure  schem e th a t i t  is  in te n d e d  to  c o m p le m e n t, as w e ll  as in  the  
c o n te x t o f  c o s t and  t r a f f ic  ty p e . F o r  p o w e r  c o n tro l,  b e a co n  m e a su re m e n ts  an d  c a r r ie r  to  n o ise  
ra t io  m e a su re m e n ts  are p re fe ra b le . F o r  c o d in g  te c h n iq u e s , b i t  e r ro r  ra te  a n d  s ig n a l q u a l ity  
m e a s u re m e n ts  m a y  be  use d  i f  b e a c o n  s ig n a l m e a s u re m e n ts  a re  u n a v a ila b le  o r  th e ir  
im p le m e n ta t io n  is  to o  c o s tly . D iv e rs i ty  sys tem s nee d  to  s e le c t th e  e a rth  s ta t io n  w it h  th e  b es t 
c a rr ie r  to  n o ise  ra t io  o r  beacon  s igna l.
5.6 Conclusion
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6. F A D E  C O U N T E R  M E A S U R E  T E C H N I Q U E S
In  th e  fo l lo w in g  s e c tio n , th e  v a r io u s  fa d e  c o u n te r  m easu re  schem es th a t m a y  be a p p lie d  to  
sys te m s  w o r k in g  in  th e  20/30  G H z  s a te ll ite  b a n d  a re  in tro d u c e d . A  fa d e  c o u n te r  m e a su re  
sch e m e  m u s t be  w e ll  m a tc h e d  to  th e  in te n d e d  a p p lic a t io n . T h e  s u i ta b i l i ty  o f  the  l is te d  fa d e  
c o u n te r m easures to  V S A T  system s is  d iscussed  in  th is  sec tion
I t  is  p o s s ib le  to  o v e rc o m e  l in k  fa d in g  b y  e i th e r  o f  tw o  m a in  te c h n iq u e s . T h e se  a re  fa d e  
c o m p e n s a tio n  and  fa d e  a v o id a n c e . Fade  c o m p e n s a tio n  te ch n iq u e s  a tte m p t to  im p ro v e  th e  l in k  
q u a l ity  to  th e  sam e le v e l as w o u ld  o c c u r  w ith o u t  a n y  fa d in g . F o r  e x a m p le  b y  in c re a s in g  th e  
tra n s m itte r  p o w e r. Fade  a v o id a n c e  te c h n iq u e s  s w itc h  to  a lte rn a tiv e  l in k s  th a t are n o t s u ffe r in g  
fa d e s . D iv e rs i ty  sys te m s  a re  an  e x a m p le  o f  fa d e  a v o id a n c e . T h e  n a tu re  o f  ra in  a tte n u a tio n  a t 
20/30  G H z  is  su ch  th a t i f  one  l in k  is  s u f fe r in g  de e p  fa d in g , a n o th e r s ta t io n  i f  lo c a te d  f a r  
e n o u g h  a w a y , w i l l  b e  s ta t is t ic a l ly  u n l ik e ly  to  b e  s u ffe r in g  deep a tte n u a tio n . A  l i s t  o f  fa d e  
c o u n te r  m e a su re  sch e m e s th a t c o u ld  be  a p p lie d  to  l in k s  v ia  th e  E S A  O ly m p u s  s a te ll ite  is  
p resen ted  b e lo w .
D i v e r s i t y  
A d a p t iv e  C o d in g  
A d a p t iv e  T r a n s m is s io n  R a te  
F a d e  S p r e a d in g  
U p - l i n k  P o w e r  C o n t r o l  
A d a p t iv e  T D M A / B u r s t  L e n g th  C o n t r o l
A d a p t iv e  B e a m  S h a p in g
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T h e  m o s t a p p ro p r ia te  te c h n iq u e  f o r  e ach  a p p lic a t io n  w i l l  d e p e n d  on  m a n y  fa c to rs , in c lu d in g  
c o s t, c u s to m e r re q u ire m e n ts , t r a f f ic  ty p e , le g is la to ry  aspects  a n d  e q u ip m e n t a v a i la b i l i t y .  A  
s y s te m  th a t reduces th e  da ta  th ro u g h p u t d u r in g  fa d in g  m a y  be  w e ll  s u ite d  to  a d ig ita l  v id e o ­
c o n fe re n c e  f a c i l i t y  w it h  th e  a b i l i t y  to  re d u c e  th e  f ra m e  u p d a te  ra te  u n d e r  p o o r  c h a n n e l 
c o n d it io n s  b u t w o u ld  n o t be  s u ite d  to  a l in k  w h e re  t im e  an d  c a p a c ity  a re  c r i t ic a l.  S im ila r ly  
a lth o u g h  d iv e rs ity  w ith  a seco n d a ry  e a r th -s ta t io n  is  su ite d  to  h ig h  r e l ia b i l i t y  h u b  s ta tio n s  i t  is  
n o t s u ite d  to  cheap V S A T s .
T ra d it io n a l ly ,  s a te llite  l in k s  ha ve  been s p e c if ie d  to  h a ve  h ig h  r e l ia b i l i t y  re q u ire m e n ts  o f  u p  to  
99 .95 % . P r in c ip a l ly  g o v e rn e d  b y  th e  re q u ire m e n ts  o f  th e  n a tio n a l P T T s . S a te ll i te  g ro u n d  
s ta t io n s  w e re  d e s ig n e d  f o r  h ig h  c a p a c ity  in te rc o n t in e n ta l l in k in g  an d  b u i l t  w i t h  a la rg e  
p ro p a g a tio n  m a rg in . T h e  h ig h  re l ia b i l i ty  s p e c if ic a tio n  necessary f o r  these s tra te g ic  ea rth  sta tions 
are  n o t  n e ce ssa rily  a p p ro p ria te  to  V S A T  sys tem s w h e re  co s t is  an  im p o r ta n t c r ite r ia . I t  is  m o s t 
u n l ik e ly  th a t th e  r e l ia b i l i t y  o f  th e  h a rd w a re  in  th e  sys tem , in c lu d in g  th e  H u b , S a te llite  , V S A T  
a n d  lo c a l area n e tw o rk  o r  even  the  lo c a l e le c tr ic ity  s u p p ly  w i l l  re a ch  99 .95% . B y  a p p ly in g  fa d e  
c o u n te r  m easures to  a lo w  m a rg in  sys te m , th e  s ize  an d  m o re  im p o r ta n t ly  th e  co s t o f  th e  e a rth  
s ta t io n  ca n  be re d u ce d  c o n s id e ra b ly . A  10 d B  f ix e d  p o w e r  m a rg in  re q u ire s  e ith e r  re d u c in g  the  
d a ta  ra te  b y  a fa c to r  o f  10, an a m p l i f ie r  w ith  10 d B  m o re  o u tp u t, and  l ik e ly  to  be 10 d B  m o re  
e x p e n s iv e , o r  a d is h  th re e  t im e s  as la rg e  o r  so m e  c o m b in a t io n  o f  th e s e . T h e  p ro b le m s  
a ssoc ia ted  w ith  th e  s it in g  o f  a 3m  d is h  such  as p la n n in g  re g u la tio n s , w in d  lo a d in g , w e ig h t  and  
th e  s a te ll ite  tra c k in g  necessa ry  a t 30  G H z  w ith  a 3m  an tenna , ca n  be  c o n s id e ra b le  c o m p a re d  
w i t h  th o se  f o r  a l m  d is h . M a n y  use rs  m a y  be w i l l i n g  to  a c c e p t o c c a s io n a l o u ta g e s  a n d  
re d u c t io n s  in  da ta  ra te  i f  th e  ru n n in g  co s ts  o f  th e  l in k  a re  v e ry  m u c h  lo w e r  th a n  th o se  o f  an  
e q u iv a le n t h ig h  a v a i la b i l i ty  sys tem . T h e  fo l lo w in g  sec tions  in tro d u c e  th e  v a r io u s  fa d e  c o u n te r  
m easures techn iques a v a ila b le  to  V S A T  users.
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T h e  h ig h  d e g re e  o f  fa d in g  e x p e r ie n c e d  a t K a  b a n d  is  caused  p r in c ip a l ly  b y  th e  passage o f  
ra in s to rm s  th ro u g h  th e  s a te llite  l in k .  T h e  p ro p a g a tio n  da ta  presen ted  in  ch a p te r 2  dem onstra tes  
th a t such  s to rm s  a re  lo c a lis e d  even ts , w ith  h e a v y  ra in fa l l  o c c u rr in g  o v e r a s m a ll " ra in c e ll,"  area 
o f  a fe w  square  k i lo m e tre s  a n d  w i t h  l ig h te r  r a in fa l l  o c c u r r in g  o v e r  a m u c h  w id e r  area. A s  th e  
ra in  c e lls  a re  o n ly  p re se n t in  th e  lo w e r  a tm o s p h e re  e x te n d in g  to  an a lt i tu d e  o f  a t m o s t a fe w  
k ilo m e tre s , e a rth  s ta tio n s  separa ted  b y  a d is ta n ce  g re a te r th a n  th a t co ve re d  b y  each ra in c e ll w i l l  
n o t be  a ffe c te d  b y  th e  sam e c e ll and  w i l l  th e re fo re  e x p e rie n c e  s ta t is t ic a lly  in d e p e n d e n t fa d in g . 
T h e  m in im u m  se p a ra tio n  f o r  su ch  s ta t is t ic a l in d e pe n d e n ce  is  a fu n c t io n  o f  th e  ra in c e ll s ize , and  
the  s a te llite  e le va tio n , A  ty p ic a l f ig u re  is  10 k m  [ 1] ,
T h is  p ro p e r ty  a l lo w s  the  use o f  sp a tia l d iv e rs ity ,  w h e re  a l in k  shares tw o  e a rth  s ta tio n s  a n d  the  
te rm in a l w ith  th e  b e s t re c e p t io n  is  used ( f ig u r e  6 .1.1). I f  s ta t is t ic a l ind e pe n d e n ce  a p p lie s , th e n  
i t  is  u n l ik e ly  th a t b o th  re c e iv in g  s ta t io n s  w i l l  e x p e rie n c e  deep  fa d e s  a t th e  sam e t im e . T h e  
'D iv e rs ity  g a in ,' o f  th is  m e th o d  m a y  re a ch  o v e r  10 d B  a t 30  G H z  [ 1] ,
A  d i f f i c u l t y  fo u n d  w ith  d iv e rs ity  sys te m s  is  th e  re q u ire m e n t f o r  tw o  e a rth  s ta tio n s  p lu s  a l in k  
b e tw e e n  th e m . H o w e v e r, the  c a p a c ity  o f  th e  seconda ry  ea rth  s ta tio n  can be  used d u r in g  p e rio d s  
w h e n  n e ith e r  s ta tio n  is  a ffe c te d  b y  ra in  fa d in g . F ro m  c h a p te r 2  i t  is  c le a r th a t th is  s itu a tio n  w i l l  
o c c u r fo r  th e  m a jo r i ty  o f  th e  ye a r. T h e  a d d it io n a l c a p a c ity  can be used fo r  lo w e r  p r io r i ty  t r a f f ic ,  
p e rh a p s  a "S e c o n d  c lass  E m a i l"  s e rv ic e . I n  m a n y  d e v e lo p e d  c o u n tr ie s  th e re  n o w  e x is t la rg e  
sca le  te r re s tr ia l n e tw o rk s . T h e s e  m a y  f o r  e x a m p le  c o n n e c t a  U n iv e rs ity  re m o te  s ite  w ith  th e  
m a in  ca m p u s , o r  a fa c to ry  s ite  w it h  a  h e a d  o f f ic e .  T h e  p o s s ib il i t y  o f  in te rc o n n e c t in g  th e  lo c a l 
area n e tw o rk s  o f  seve ra l u n iv e rs it ie s  and  resea rch  e s ta b lishm e n ts  v ia  a c o m b in a tio n  o f  s a te llite
6.1 Diversity Systems
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a n d  te r re s tr ia l l in k s  is  re a lis t ic .  T h e  s a te ll ite  w o u ld  be  used  to  span  la rg e  d is ta n c e s  w h e re  
te r re s tr ia l l in k s  w o u ld  be d i f f i c u l t  to  in s ta ll.  N o rm a l ly  each  s ite  w o u ld  h a ve  a V S A T  as w e l l  as 
te r re s tr ia l l in k s  to  n e a rb y  s ites. S h o u ld  one  s ite  s u ffe r  a fa d e , th e n  som e t r a f f ic  m a y  be d iv e r te d  
v ia  a n e a rb y  s ite  u s in g  a te r re s tr ia l l in k .  A s  lo n g  as th e  second  s ite  is  n o t a ffe c te d  b y  th e  fa d e  a 
d iv e rs ity  g a in  can  be rea lised . E a c h  V S A T  w o u ld  h a ve  a s m a ll a m o u n t o f  excess c a p a c ity  to  be  
m a d e  a v a ila b le  f o r  th e  use o f  s ite s  s u f fe r in g  fa d in g .  T h is  is  a fo r m  o f  c o m m o n  re s o u rc e  
d iv e rs ity  w h e re  the  a d d it io n a l c o s t o f  the  reserve  c a p a c ity  is  shared a m o n g s t a l l  users.
W h e n  m o re  th a n  on e  l in k  passes th ro u g h  a tra n s p o n d e r in  a n e tw o rk  u s in g  a m u lt ip le  access 
schem e, an  a lte rn a t iv e  fo r m  o f  c o m m o n  re so u rce  d iv e rs ity  m a y  be used. L in k s  a re  a ffo rd e d  
a d d it io n a l tra n s m is s io n  t im e  f r o m  a c o m m o n  resou rce  p o o l w h e n  fa d in g  is  p re se n t o n  th a t l in k .  
T h is  e x tra  t im e  increases the  ave rage  p o w e r  o f  th e  l in k ,  th e re b y  o v e rc o m in g  th e  fa d e , a n d  m a y  
be used  f o r  e r ro r  c o rre c t io n  c o d in g . T h e  re s o u rc e  p o o l m a y  be  as a d d it io n a l b a n d w id th  a t a 
lo w e r  f re q u e n c y  less a ffe c te d  b y  fa d in g  as in  fre q u e n c y  d iv e rs ity  schem es, o r  as spa re  t im e  
s lo ts  in  a T D M A  fra m e  as in  A d a p t iv e  T D M A  schem es. A s  o n ly  a s m a ll p e rce n ta g e  o f  e a rth  
s ta t io n s  s u f fe r  fa d in g  a t th e  sam e t im e , th e  c o m m o n  re s o u rc e  p o o l re q u ire s  o n ly  e n o u g h  
c a p a c ity  to  o v e rc o m e  those  fades . F o r  e xa m p le , i f  a  m a x im u m  o f  5 %  o f  th e  l in k s  in  a m u lt ip le  
access sch e m e  are  fa d e d  a t a n y  t im e , th e n  a s s u m in g  a la rg e  n u m b e r o f  l in k s ,  th e  a m o u n t o f  
c o m m o n  re s o u rc e  c a p a c ity  needed  is  o n ly  5 % o f  th e  to ta l re q u ire d  i f  a l l  s ta tio n s  o p e ra te  w ith  
f ix e d  m a rg in s . S ta t is t ic a l f lu c tu a t io n s  p re v e n t th e  id e a l case, e s p e c ia lly  w h e n  th e re  a re  fe w  
l in k s , b u t a w o r th w h ile  g a in  m a y  s t i l l  be o b ta in e d .
176
M e a s u re m e n ts  based  o n  I t a l ia n  w e a th e r  ra d a r  m a p s  ( c l im a t ic  z o n e  K )  b y  B a r to n  [2 ]  
d e m o n s tra te d  th a t w ith  a c a p a c ity  re d u c t io n  to  80%  o f  th e  m a x im u m , an  e q u iv a le n t o f  a 9  d B  
fa d e  m a rg in  ca n  be a ffo rd e d . T h is  is  fu r th e r  in v e s tig a te d  in  C h a p te r 7 .
A n  a lte rn a tiv e  fo r m  o f  d iv e rs ity , "F re q u e n c y  D iv e rs ity " ,  a llo c a te s  c a p a c ity  a t lo w e r  fre q u e n c ie s  
th a t a re  less a ffe c te d  b y  fa d in g  to  s ta tio n s  s u ffe r in g  fa d in g  a t 20/30  G H z . T h is  s h o u ld  n o t be 
c o n fu s e d  w i t h  th e  f re q u e n c y  d iv e rs it y  u se d  o n  te r re s tr ia l l in k s  to  o v e rc o m e  p ro b le m s  o f  
m u lt ip a th  p ro p a g a tio n  o r  in te rfe re n c e . T h e  l in k  a tte n u a tio n  a t k u -b a n d  (12  G H z ) a lo n g  the  same 
p a th  as a l in k  a t K a -b a n d  (20  G H z )  is  le ss  th a n  h a l f  as la rg e  in  d B  n o ta t io n  (C h a p te r  2 ). 
A tte n u a tio n  a t C  band  (4/6  G H z )  is  m u c h  lo w e r  aga in .
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T h e  lo w e r  fre q u e n c y  c a p a c ity  is  used as a c o m m o n  re so u rce  p o o l to  be  sh a re d  a m o n g s t a l l  
u se rs . T h is  m e th o d  a g a in  re lie s  o n  th e  im p r o b a b i l i t y  o f  m a n y  s ta t io n s  r e q u ir in g  use o f  a 
c o m m o n  re so u rce  p o o l a t th e  sam e tim e . B ecause d if fe re n t  fre q u e n c y  bands m u s t be  suppo rted , 
th e  c o s t o f  th e  E a r th  s ta t io n  is  in c re a se d  c o n s id e ra b ly . F re q u e n c y  d iv e rs ity  is  th e re fo re  b e s t 
s u ite d  to  la rg e  in s ta l la t io n s  su ch  as h ig h  c a p a c ity , h ig h  r e l ia b i l i t y  in te rc o n t in e n ta l te le p h o n e  
l in k s .  T h e  p r o b a b i l i t y  o f  a g iv e n  a m o u n t o f  c o m m o n  re s o u rc e  b e in g  s u f f ic ie n t  m a y  be  
d e te rm in e d  fr o m  th e  jo in t  p ro b a b ili ty  o f  fa d in g  s ta tis tics .
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I f  th e  c a p a c ity  o f  a s a te ll ite  l i n k  is  p e rm it te d  to  decrease  d u r in g  a fa d e , th e n  fo rw a rd  e r ro r  
c o rre c tio n  c o d in g  schem es m a y  be  used  as fa d e  c o u n te r  m easures. O b v io u s ly  a d a p tiv e  c o d in g  
m a y  o n ly  be used  o n  a p p ro p r ia te  l in k s  th a t ca n  to le ra te  a re d u c e d  th ro u g h p u t d u r in g  a fa d e . 
U n d e r  a fa d e , th e  da ta  ra te  is  re d u ce d , an d  e x tra  c o d in g  in fo rm a tio n  is  in s e rte d  in to  th e  channe l 
such  th a t th e  ch a n n e l ra te  re m a in s  c o n s ta n t ( f ig u re  6 .2 . 1) . A  n e t g a in  is  re a lis e d  b y  th e  c o d in g  
schem e , ty p ic a l ly  2-10  d B  d e p e n d in g  o n  th e  co d e  ra te . I f  th e  C O D E C  is  c a p a b le  o f  m a n y  
d if fe re n t code  ra tes th e n  the  code  ra te  m a y  be  adap ted  to  th e  channe l c o n d itio n s .
V a r ia b le  ra te  c o d in g  schem es m a y  be  re a lise d  b y  u s in g  a separate o p tim is e d  code  fo r  each ra te . 
T h is  ensures m a x im u m  e f f ic ie n c y ,  b u t  is  u n e c o n o m ic , as a separa te  C O D E C  is  re q u ire d  fo r  
each  ra te . H o w e v e r  L S I  V i t e r b i  d e co d e rs  a re  a v a i la b le  [3 ]  a n d  th is  m e th o d  is  b e c o m in g  
in c re a s in g ly  co s t e ffe c tiv e . A n  a lte rn a tiv e  s o lu tio n  is  to  m a k e  use o f  p u n c tu re d  codes.
A  p u n c tu re d  co d e  is  a co d e  th a t has h a d  se le c te d  b its  re m o v e d  b e fo re  tra n s m is s io n . B its  are 
e rased  a c c o rd in g  to  a se t p u n c tu r in g  p a tte rn , k n o w n  to  b o th  th e  c o d e r  an d  d e co d e r. T h is  
in c re a se s  th e  c o d e  ra te , f o r  e x a m p le  a 1/2 ra te  c o d e  m a y  be p u n c tu re d  to  a 7/8  co d e  b y  
re m o v in g  3 o u t  o f  e v e ry  7  b its . T h e  d e c o d e r, w i t h  k n o w le d g e  o f  th e  o r ig in a l  p u n c tu r in g , is  
a b le  to  re c o n s tru c t the  data. T h e  g a in  d iffe re n c e  b e tw e e n  a p u n c tu re d  co d e  and  a n o n -p u n c tu re d  
c o d e  o f  th e  sam e  ra te  m a y  be m a d e  s m a ll (0.1  d B )  b y  a p p ro p r ia te  c h o ic e  o f  co d e  an d  
p u n c tu r in g  p a tte rn . I t  is  im p o r ta n t  th a t th e  d e c o d e r k n o w s  th e  p u n c tu r in g  p a tte rn , a nd  th e  
p a tte rn  in  use m u s t be  tra n s m itte d  w it h  h ig h  r e l ia b i l i t y .  A  s u ita b le  co d e  s h o u ld  be ca p a b le  o f  
m a n y  ra tes, b y  v a r ia b le  ra te  p u n c tu r in g . S u ch  codes a re  best d is c o v e re d  b y  a c o m p u te r search,
6.2 Adaptive Forward Error Correction
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where codes may be tested for coding efficiency and to verify that no catastrophic error patterns 
exist. This process has been applied by Hagenauer [4], and Smith & Burton [5].
The effectiveness of coding schemes is limited. The absolute maximum channel efficiency can 
not exceed the Shannon limit, Eb/N0 =log2e = -1.6 dB (where Eb/N0 is the bit energy to noise 
energy ratio found by dividing the carrier to noise energy ratio by the bit rate.) Although it is 
theoretically possible to operate a link at Et/N0 of -1.6 dB, current practical demodulators limit 
the minimum channel bit energy to around Ec/N0 of 0 dB. Below this level, the demodulator 
may not be able to recover a reliable bit timing clock, and will not sample correctly. It is 
important to note that this is the channel bit energy, and is equivalent to the data rate divided by 
the coding rate. If for example, BPSK is used, then to maintain a bit error rate better than 10 " 
6, the Eb/N0 should be 10.5 dB. Regardless of the coding scheme in use the channel Eb/N0 
must not fall below 0 dB for successful MODEM operation, and hence the maximum fade 
tolerance will be 10.5 dB. The fade tolerance will become larger for lower bit error rates.
If coding is to be used as an adaptive fade counter measure scheme, then a selection o f codes of 
variable gain is required. The code used must be matched to the channel for good efficiency, 
yet must be practical to decode at the desired data rate. If the scheme is to counter fades of up to 
10 dB, in steps o f 1 dB, then ten coding schemes are needed.
The gains of some selected convolutional codes of constraint length 7 are presented in Table
6.2.1 and Table 6.2.2. The total gain is found by taking into account the reduction in data rate 
that is suffered if the channel capacity is held constant. Thus a half rate code will reduce the 
data rate by half, providing an additional fade tolerance o f 3 dB. The value dfree is the minimum 
free distance of the code, the minimum distance between any two code words in the code.
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Figure 6.2.1 Adaptive Coding
Table 6.2.1 Convolutional Codes with K=7 Hard Decision
Decoding Rate d(free) Coding Gain 
(dB)
Total Gain 
(dB)
3/4 6 3.5 4.8 j
2/3 8 4.3 6.0
1/2 10 4.0 7.0
1/3 15 4.0 8.8
1/4 20 4.0 10.0
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Table 6.2.2 Convolutional Codes with K=7 Soft Decision
Decoding Rate d(free) Coding Gain
(dB)
Total Gain 
(dB)
3/4 6 6.5 7.8
2/3 8 7.3 9.0
1/2 10 7.0 10.0
1/3 15 7.0 11.8
1/4 20 7.0 13.0
The gain o f 3 dB realised by soft decision decoding gives a worthwhile improvement in link 
efficiency. A  good estimate to the gain of a soft decision convolutional code is given by:
Gain = 101ogio(Rate X dfree) dB
As previously mentioned, it is possible to produce a set o f variable rate codes by puncturing a 
1/2 rate code. Measurements of the performance of punctured codes through analogue channel 
have been made by Smith [5]. The original 1/2 rate code was punctured to produce a 2/3 rate 
code, a 3/4 rate code and a 7/8 rate code. Test data encoded with the 1/2 rate, 3/4 rate, and 7/8 
rate codes was passed through an analogue test channel. The results are tabulated in Table 
6.2.3 below. The loss is the amount by which the code deviates from the performance of a 
standard variable rate CODEC [6].
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Table 6.2.3 Analogue test channel results for puncttured codes [5]
1/2 Rate 3/4 Rate 7/8 Rate
Eb/No
(dB)
BER Loss
(dB)
BER Loss
(dB)
BER Loss
(dB)
3.1 6.8E-4 0.05
3.9 6.9E-5 0.10 1.2E-3 0.05
4.6 8.3E-6 0.20 1.3E-4 0.10 5.5E-3 0.20
5.3 5.5E-7 0.15 1.5E-5 0.15 9.6E-4 0.35
5.8 1.0E-7 0.25 3.0E-6 0.10 1.5E-4 0.30
6.3 5.5E-7 0.12 3.6E-5 0.35
6.8 7.0E-8 0.08 7.3E-6 0.40
7.3 1.7E-6 0.45
7.8 3.0E-7 0.55
To supplement these values, a digital test channel was set up, using a Gaussian distribution of 
noise samples contained in an EPROM. These noise values were digitally added to the data 
signals. The results are repeated in Table 6.2.4 below.
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Table 6.2.4 Digital channel test results for punctured codes [5].
Code Rate Eb/No (dB) BER Loss (dB)
1/2 Rate
3.1 5.0E-4 -0.05
3.9 5.0E-5 0.00
4.6 5.0E-6 0.05
5.3 5.0E-7 0.10
5.8 5.0E-8 0.10
2/3 Rate
4.03 1.2E-4
5.53 7.0E-7
6.03 5.0E-8
3/4 Rate
3.53 2.3E-3 -0.05
5.03 2.0E-5 -0.10
5.53 2.5E-6 -0.15
6.03 5.0E-7 -0.15
6.53 1.0E-7 -0.15
7/8 Rate
4.87 | 2.4E-3 0.25
5.37 6.6E-4 0.35
5.87 1.5E-4 0.40
6.37 4.0E-5 0.50
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As well as the above mentioned codes, it is also possible to use two CODECs in series. This is 
known as concatenation. If two half rate CODECs are used then the overall coding rate will be 
1/4. The amount of coding gain realised by concatenation is not twice that o f a single CODEC, 
but halving the data rate still realises an increased fade tolerance of 3 dB. It is similarly possible 
to achieve 1/8 rate coding, but at this level, the MODEM has to work at very low channel 
Eb/No, placing a limit on the achievable fade tolerance.
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The fade spreading technique works by decreasing the data rate during fading and therefore 
increasing the transmitted bit energy, to overcome the reduction in signal to noise ratio. Simple 
rate reduction undesirably increases the power per unit bandwidth of the transmitted signal. 
This can lead to transponder intermodulation spikes, interference to other stations or other 
satellites, and possibly requiring the application of an energy dispersal scheme. By coding the 
data, it is possible to reduce the data transmission rate and therefore increase the bit energy, 
without reducing the transmitted signal bandwidth, and causing interference. One method of 
achieving this is a technique known as fade spreading, is described below (figure 6.3.1).
6.3 Fade Spreading
Figure 6.3.1 Fade Spreading
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In the Fade Spread system, the data stream is combined with a pseudorandom code, (PRC) 
known as the spreading function. The PRC is generated from a maximal length tapped shift 
register tailored to the required bandwidth. The combination process 'spreads’ the data signal 
to the bandwidth o f  the PRC. The spread spectrum signal is then transmitted to the receiver 
where it is recombined in the inverse function with the same PRC and a low pass filter de­
spreads the data signal. The cut-off frequency of the low pass filter must be adjusted according 
to the data symbol rate. Practically, this filter may be realised by digital means, for example by 
averaging the soft decision output o f the chip bits, with appropriate reference to the PRC, over 
each data symbol period, and using this average as a soft decision value for the data bit.
As a by product o f the use o f the PRC, no extra scrambling of transmitted data is required to 
aid clock recovery. At the receiver, the spread spectrum signal will vary in strength as a result 
o f fading along the earth-satellite-earth path. An automatic gain control is thus essential to 
maintain a constant signal level to the later stages of the receiver.
The effect is an improvement in the data signal to noise ratio equal to the ratio o f  the 
bandwidths o f the transmitted signal to that required to transmit the un-spread data signal. 
Usually bandwidth is limited, but this does not preclude the use of fade spreading, the data rate 
is simply reduced and the PRC rate unaltered, maintaining a constant bandwidth. The 
performance of fade spreading may be evaluated by considering a signal passing through a fade 
spread system.
Consider the variable rate data signal, d(t) encoded as ±  1.
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Now apply a pseudorandom code c(t), where c(t) is ± 1., as a spreading function. The data 
stream is multiplied by this code before transmission so the resultant multiple is :.
s(t) = c(t)d(t)
The rate of the resultant signal s(t) will be equal to that of the greater of c(t) and d(t), Ie that of 
c(t). But
c(t) = ±  1 so c2 (t) = 1
Hence,
c(t)s(t) = c2(t) d(t) = d(t)
The original signal is regenerated by pre-multiplying by c(t). Now consider noise: The noise at 
the receiver will result in an additional random noise signal, which will be demodulated as a 
random data signal n(t) = ± 1 being added to the original transmitted signal. Hence the 
received signal,
y(t) = s(t) + n(t)
In the receiver, y(t) is multiplied by the de-spreading function c(t),
r(t) = c(t) y(t)
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So
r(t) = c(t) s(t) + c(t) n(t) = d(t) + c(t) n(t)
The original data signal added to the noise signal multiplied by c(t). As the rate of c(t) is greater 
than that of d(t), a large proportion o f the energy in this signal may be removed by a low pass 
filter. The signal r(t) is filtered to the data bandwidth. Assuming the noise energy is spread 
uniformly across the signal bandwidth as a result o f multiplication by c(t), the noise energy is 
reduced by the ratio o f the signal to low pass filter bandwidths, equivalent to the spreading 
factor.
This applies to an ideal system, in reality other effects will occur, such as inter-symbol 
interference (ISI), intermodulation products (IMP), and degradations from imperfect MODEM 
filters. These factors reduce the gain.
The gain o f an ideal fade spread system is illustrated in Table 6.3.1 below. The PRC rate is 
held constant at 2048 Kb/s, and the data rate reduced to selected multiples o f 64 Kb/s, data 
bandwidth based on 1.4 X data rate.
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Table 6.3.1: Calculated gain of an ideal QPSK Fade Spreading system
Spreading
ratio
Data rate 
(kbits/s)
PRC rate 
(kbits/s)
Fade 
tolerance (dB)
Data band™ 
-width (kHz)
1 2048 2048 0 1430
2 1024 2048 3 720
4 512 2048 6 360
7 384 2048 7 2 0 0
9 256 2048 9 160
12 128 2048 12 120
15 64 2048 15 100
The efficiency o f fade spreading is low, ideally there is no loss but the effects on MODEM 
performance of poor Eb/No must be considered.
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If an earth station is equipped with up-link power control, the effects of fades on the up-link to 
a satellite may be compensated for by an increase in transmitter output. Although the use of 
power control implies that the earth station is not operating at maximum efficiency, thereby 
making the link more sensitive to down-link fades, the loss of down-link EIRP caused by a 
reduction in up-link power are eliminated.
If only one carrier accesses the transponder, the down-link EIRP will be held constant for a 
wide range of up-link signal powers by ALC action, and up-link power control in unnecessary. 
If multi-carrier operation without power control is considered (figure 6.4.1), then the 
transponder gain may not be varied to compensate for a fade on an up-link, but must be set to 
the maximum level consistent with acceptable transponder linearity. As the transponder is 
operated in an almost linear mode, a reduction in down-link EIRP will occur in a dB for dB 
relation to the transponder input back-off caused by the up-link fade. Thus a fade o f 10 dB on 
the up-link will cause a reduction of 10 dB in down-link EIRP. Any intermodulation noise and 
interference will remain at the previous level. If up-link power control is used, all carriers 
maintain a constant power level at the transponder input, keeping their share o f the available 
down-link power within the dynamic range of the system. If a fade of 10 dB occurs on an up­
link, and the up-link transmitter increases power by 10 dB to compensate, then the down-link 
will be unaffected.
In addition, if all the carriers using the transponder are arranged in an intermodulation free 
environment, (Eg Babcock spacing [7]), then a small amount of down-link power control is 
feasible. Additional down-link power is obtained by increasing the power o f the up-link. If
6.4 Up-link Power Control
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many stations are using the transponder, and only a small proportion suffer down-link fading, 
then a common shared resource may be utilised for faded down-links. For example, if four 
identical stations access a transponder, and 25% of the transponder power is set aside as a 
shared resource, each down-link will be degraded by about 1 dB in clear weather. Normally, 
each station uses around 18% o f full transponder power. If only one station becomes faded, 
then it may call on the full 25% of shared resource, an increase of nearly 4 dB corresponding to 
an increased fade tolerance o f 3 dB. With a large number of carriers, as found in a large 
FDMA network, the down-link fade tolerance may be made greater.
A  disadvantage of up-link power control is that, under unfaded conditions, the up-link quality 
will be worse than that o f the fixed power scheme for the same maximum power output by the 
dynamic range of the power control scheme. The down-link is unaffected as a new transponder 
operating point may be chosen to compensate for reduced up-link power. The reduction in up­
link quality in turn reduces the total link quality, and thereby decreases the system tolerance to 
down-link fading. The link must therefore be carefully designed and a tradeoff made between 
up-link and down-link fade tolerance. A sensible approach is to maintain the same availability 
on both up-link and down-link. Typically, for a given availability, the fading at 30 GHz is 
twice that at 20 GHz, so the fade tolerance of the up-link should be twice that o f the down-link.
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. The performance of an up-link power control scheme may be evaluated by approximating the 
distribution of fade depths among stations by a log normal distribution over the 20% of the 
year that is not by definition clear weather. For a value of attenuation a  dB, then the log normal 
distribution gives a probability distribution function for x = 101og(a).
1 / -(x  - xQ)2\
f(x) = — = = —  e l  2 a x 2 j 
V25t a x
where Xq and o f  are the mean and variance of x respectively. The factor multiplying the 
exponential serves to normalise the function so that the integral of f(x) between 0 and infinity is 
unity. Converting this function of x to a function of a  gives a probability density function of 
attenuations.
/ -(a-xln(a) -Xp)2\
f(a ) =— j=J------— e ( 2ax2 j
*\/2je crxa a
Where the constant a is the value of ln(10)/10. From this equation the mean and variance o f the 
attenuation may be found in terms o f the mean and variance of x, and conversely the mean and 
variance of x may be found from the mean and variance of the attenuation.
(a x 0 + 5<aax)2)  
a G = z J
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*° = a - l ( l n ( a 0 ) - V l „ ( l +  ° ^ ) )
a x 2 -  a“2 ln ^ 1  +
The mean and variance of the attenuation are derived from measurements and rain attenuation 
models for each location, allowing the values of x and ax2to be deduced.
The power transmitted by each earth station is always between the minimum clear sky value 
and the maximum transmitter power output. For transmitter powers less than the maximum 
transponder output the power will exceed the clear sky power by the link attenuation, hence we 
may write:
a
Ptx = 1 0 10  P c le a r  sk y
a
Substituting k for 1 0 1 0  we find that k takes values between 1  and a maximum value such 
that kmax Pclear sky = Pmax- Substituting k in the probability density function for the 
attenuation distribution gives:
o a2 =  e (2ax° + (a ° x)2 ) (ea2° x2 - 1 )
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f(k) = ~j==-------------- —■ e 2ox2 for k <= k max
A}2k a xak ln(k)
(-InCa-1 ln(k)) - Xp)2
The probability density function for stations operating at maximum output (k = Kmax) is found 
by considering the distribution of k greater than the maximum, Ie:
f (k )=  K 6(k - kmax)
Where:
kmax
K = 1 - Jf(k). dk for k> kmax 
1
= i.erfc / ln(a-i ln(kmax)) - axp
aV2a*
The mean value of k is found by integrating kf(k) over all values o f k:
00
ko = fk  f(k) . dk
1
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And the variance is given by:
co
ak2 = / k 2 f(k).dk - ko2 
1
Figures for 80% of the year in the UK were not available at the time o f writing, however 
measurements made in Tokyo, Japan [8] have produced values for Oo = 1.51 dB and sigmaa 
= 2.67 dB, for 10% of the year. The climate in Japan is different from that o f  the UK, but the 
results are useful, giving xG — -1.275 and sigmax = 5.17.
We may apply these results to calculate the number of channels that may share the transponder. 
Assuming a large number o f channels accessing the satellite transponder, the probability 
distribution function of the total transponder power may be assumed Gaussian (Central limit 
theorem). Hence for N channels the power distribution relative to the clear sky value is:
Qnot - Nkoy
e ‘  2Nck2
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The relative total output power can not exceed the maximum value. The probability that the total 
power will attempt to exceed the maximum is:
oo
Prob^k tot > k totmax)  = jT(ktot) dktot
ktotmax
Prob(ktot > ktotlnax)  = ie r fc
This probability must be defined in the system design, and allows the maximum value of N to 
be calculated.
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In an adaptive transmission rate system the data transmission rate is varied according to 
propagation conditions. High data rates are used under unfaded conditions when the signal to 
noise ratio is high, and the data rate is progressively reduced as fading occurs.
The bit error rate is dependent on the bit energy to noise ratio at the demodulator, and is equal 
to the signal to noise ratio divided by the bit rate. This implies that the bit energy can be 
increased by spreading out the bits in time, in other words, reducing the transmission rate. If 
the transmission rate is reduced, it will be necessary to reduce the bandwidth o f the receiver to 
that o f the data signal to obtain maximum gain by rejecting out of band noise. A  disadvantage 
o f this system is the requirement for a variable bandwidth filter in the receiver, that in addition 
to a variable rate demodulator will increase the system cost. The gain o f an adaptive 
transmission rate system will be similar to that o f a fade spreading system, the difference is that 
the latter operates at constant bandwidth.
6,5 Adaptive Transmission Rate
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Adaptive Time Division Multiple Access systems can reduce the fixed margin required for rain 
fading to a low level. The system relies on the principle that only a few o f the stations in a 
TDMA network will be suffering from fading at any time. A  fixed amount of resource as free 
time slots is permanently allocated for the use of stations suffering from rain fading, such that 
the faded stations may make use of the spare time to correct transmission errors.
6.6 Adaptive TDMA
Figure 6.6.1 Adaptive TDM A
As there are many stations in the network, the spare time slots will only constitute a small 
proportion of the total network resource. Theoretically a 10 dB fixed margin would represent 
only 1 dB of margin per station in a network o f 10 where only one suffers fading at any time.
If the network is already to use TDMA the extra cost of introducing an adaptive TDMA system 
to counteract the effect of rain fading would not be large. Some additional complexity in the 
control scheme would be required, as would an extension to the resource allocation system.
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This fade counter measure scheme is well suited to TDMA systems, it would not be of use to 
other access schemes.
6.7 Adaptive Modulation Schemes
In this scheme, the transmission bandwidth is held constant, but the modulation scheme is and 
data rate is varied. The advantages of constant transmission bandwidth are described in the 
section on fade spreading above. If the signal to noise ratio is good, a high spectral efficiency 
modulation scheme (Eg I6-PSK,64-PSK) is used. When a fade occurs the signal to noise ratio 
is reduced, and a less spectrally efficient but more robust modulation scheme is applied. For 
example, an unfaded carrier with a good signal to noise ratio may use 16-PSK when a fade 
occurs the modulation scheme may be reduced to 8-PSK, 4-PSK or 2-PSK to improve the bit 
energy by 3 dB, 6 dB, and 9 dB respectively, and reduce the data rate to half, a quarter or one 
eighth o f the unfaded rate. Such a scheme is relatively simple to implement as a single 16-PSK 
modulator may be used, for all modulation schemes by missing out the appropriate symbol 
states to obtain the lower spectral efficiency schemes. A similar simplification may be made at 
the demodulator, where only a 16-PSK unit is required. The performance o f the scheme will be 
similar to that of fade spreading, but the degradations caused by phase noise and transponder 
non-linearities may be greater for a given maximum (unfaded) data rate.
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6.8 Adaptive Beam Shaping
This technique requires a specialised satellite antenna design. When using a multiple feed 
system, more satellite EIRP and G/T can be directed at areas suffering fading by shaping the 
beam o f the antenna to favour those areas.
6.9 Conclusion
In this chapter the various forms o f fade counter measure available have been introduced. The 
applicability o f each type o f fade counter measure is considered to the type of communications 
system in use. For VSAT systems, many options can be ruled out. VSAT terminals are not 
able to support the large reserves o f EIRP necessary for up-link power control. Each VSAT 
would become to expensive. Large Hub stations serving many users may be constructed with a 
large power margin as the Hub hardware should only represent a small proportion of the 
overall network cost.
Common resource diversity systems, such as adaptive TDMA and local area network diversity 
maybe applicable to VSATs but adaptive TDMA requires a TDMA network and local area 
network diversity requires VSAT nodes to be separated by around 10 km to be effective. Fade 
spreading and adaptive coding techniques can be applied to both large and small systems 
without greatly increasing the earth station costs. Where a Hub station is serving many users, a 
fade local to the Hub will affect all users. Therefore a large link margin is desirable. Down link 
margins can be increased by using a larger antenna and up-link margins by using more power.
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In many cases the Hub outbound carrier must share a satellite transponder with other users. 
Satellite capacity is charged by considering both transponder EIRP and bandwidth used so 
under un-faded conditions the Hub should reduce transmitted power. Therefore up-link power 
control is a counter measure well suited to a Hub station. VSATs have different requirements to 
the Hub and therefore techniques such as adaptive coding where the user data rate during 
fading is reduced to allow a more robust coding scheme to be used, are applicable.
From the viewpoint o f fade counter measures applied to Ka-band VSAT systems, a 
combination o f up-link power control for the Hub with adaptive coding for the VSAT should 
be considered.
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If a satellite link is using a fade counter measure scheme, then it is necessary to provide a 
control system to ensure that that link operates at the maximum efficiency. A  fade counter 
measure control scheme must therefore be able to obtain link quality data of suitable accuracy to 
reliably match the selected counter measure to the currect channel characteristics. This section 
considers the subject o f counter measure control, regarding the accuracy and the problems of 
attenuation measurement.
7.1 Case for Small Fixed Margin
The aim of an adaptive fade counter measure scheme for a 20/30 GHz satellite communications 
link is to reduce the fixed margin that would otherwise be incorporated in a system design to 
counter any atmospheric attenuation. To operate at maximum efficiency, the fixed margin 
should be eliminated, but this is not possible in a practical system. Delays and associated 
control errors introduced by the fade detection system and the satellite hop are responsible for 
this.
If no fixed margin is included, the system will be unable to respond to fading quickly enough 
to prevent raising the bit error rate above the threshold. Hence a small fixed margin must be 
incorporated to allow for any increase in signal attenuation that may occur before the fade 
counter measure system can react. This principle is illustrated in figure 7.1.1.
7. Control and Implementation of Fade Counter Measure Systems
206
Figure 7.1.1 Action Thresholds
As a fade develops, initially the first action threshold, ID is reached. A  time delay follows T p  
as the fade is detected, information passed between terminals and fade counter measures taken. 
Meanwhile the fade has increased in depth to ID'. To maintain performance, the counter 
measure control system will account for the increased fade depth. This may be done in two 
ways, either by including a fixed margin equal to the difference between ID and ID', or by 
including a smaller margin and predicting how the fade will develop. These margins are in 
addition to the detection margin, the difference between the unattenuated signal and ID, that 
must be present to detect the fade. This detection margin will be defined by the sensitivity of 
the detection scheme. The first case may be realised by setting each counter measure threshold 
at a lower attenuation value would by required if  no delays were present. The second case 
requires more complex processing, to predict the future fade depth from inputs such as the rate 
of change of signal strength and past experience.
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Another control scheme is needed at the end of a fade event when the signal strength improves. 
Signal strength improvement must be reliably detected and fade counter measures relinquished. 
Any time delay will reduce efficiency. In the example of figure 7.1.1, the upwards attenuation 
threshold is 1U, but no action is taken until T D seconds later, when level IU' has been 
reached. Again either a fixed or predictive scheme may be used.
It should be noted that the upwards and downwards attenuation thresholds where action is 
taken need not be set to equal fade depths. It may be desirable to introduce hysterisis into the 
control loop to prevent repeated level switching if the attenuation level fluctuates above and 
below the decision threshold. Such fluctuations may be caused by scintillation or by noise in 
the detection system.
For either type of control scheme to work, a fade detector is needed. In the predictive control 
scheme a controller estimates the future attenuation level from a continuously updated set o f 
past attenuation statistics. In the simpler non-predictive control system, the only information 
that is required is whether the current attenuation is above or below each threshold value. 
Clearly the predictive schemes will generally require a more accurate fade measurement.
7.2 Linear Prediction of Attenuation Level
The attenuation of a satellite link is assumed a continuous function of time, and given a set of 
past attenuation measurements it is therefore possible to predict with reasonable certainty what 
the future attenuation level will be. This process is analagous to the extrapolation of the points 
on a graph, and the certainty of the estimated value decreases the further the extrapolation is
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carried. The rate of change of rain attenuation is such that given attenuation measurements over 
the previous few seconds a good estimate may be made of the attenuation likely to pertain over 
the next few seconds, but large prediction errors will occur if the extrapolation is attempted 
over many seconds. An example of this process is illustrated by the equation below:
A(t+ 6 1) «  F [A(t)A(t - 6t),A(t - 26t),A(t - 36t), ,A(t - nSt)]
Where A(t) is the attenuation at time t, F[] is some function of the attenuation and n is the 
number of measurements used in the prediction. It is necessaiy to find the optimum values of n 
and 6t.
There are many different processes that may be applied to previous data measurements in order 
to predict future trends. The simplest method is to take a straight line fit from the last two data 
points. This can be quite adequate for short term predictions, and is simple to implement. For 
fade counter measures it is suggested that the method o f least squares is used to produce a best 
fit polynomial. In this method, estimated values are derived from linear functions o f past 
measurements so as to minimise the mean square prediction error.
A  power control experiment using the 11/14 GHz bands is reported in [1] The predictive 
scheme used in the experiment applied a least squares method with a quadratic function of time, 
to a signal level received at 12  GHz which was known to be transmitted at a constant level. 
Frequency scaling was used to convert the predicted 12 GHz future attenuation to 14 GHz. The 
results of the experiment verified that the attenuation predictions were accurate to within 03 dB 
(mostly 0 .1 dB), but that scintillation caused significant control errors. The experimenters also 
noticed that the frequency scaling factor varies slightly with time.
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If the rate of change o f attenuation is small when compared with the fade counter measure 
resolution, reaction and detection times, then a simple straight line approximation based on 
measurements averaged over the last few second(s) can give adequate control accuracy. When 
using counter measures that are unable to react quickly enough to match and compensate for 
scintillation, signal measurement averaging must be used to avoid false predictions.
Some inital simulation work, using computer models of fades has been performed to develop 
and evaluate suitable algorithms. The Least Squares method is used to generate a polynomial 
fit to a set o f previous attenuation values. This polynomial is then used to predict future 
attenuation levels. The predicted points are then plotted along with the actual values.
7.2.1 Computer Simulation of Least Squares Algorithm.
The following plots demonstrate the application of the least squares method in predicting the 
future trend o f a fade event. Prediction is necessary where there is a long satellite delay 
between the occurrence and detection of fading. It is not necessary for power control schemes 
that rely on downlink beacon strength measurements as the fading that is compensated for 
occurs in the vicinity of the ground station and propagation delays are minimal. The "history", 
o f the graphs below equates to the number of previous samples used for the prediction. If 
many points are used, the algorithm will be slow to respond to changes in the attenuation trend. 
If only a few points are used, the algorithm will be able to respond rapidly to changes in the 
rate o f change of attenuation, but will be more succeptable to errors caused by rapid signal 
fluctuations such as scintillation.
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The order of the prediction is a measure o f the complexity of the fit to previous data points, the 
most simple fit is simply to take the average attenuation value, resulting in a constant as shown 
below.
Figure 7.2.1*1 Averaging Method
A t+dt = C
The average value takes no account o f weather the attenuation level is steadily rising or falling. 
The second type of approximation does take into account the slope of the attenuation curve, and 
is a strait line fit as shown below:
Figure 7.2.1.2 Straight Line Approximation
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-^ t+dt ~ ^  C
Where a  is a constant. The third method uses a quadratic approximation, which tries to take 
account the rate of change of the slope of the attenuation, as below.
Figure 7.2.1.3 Quadratic Approximation
A t+dt= at2 + (3t + C
Where a  + p are constants. The quadratic approximation is often known as a parabolic fit. 
Higher order equations can be used, in general, if there are n measured data points, then a 
polynomial o f order (n-l), can be made to pass through all n points. Hence higher order fits 
can be made give a closer fit to the measured attenuation level points but higher order 
polynomial fits are more likely to give large prediction errors. This occurs because the higher 
order functions contain higher derivatives, and may take on increasingly improbable values 
between the fixed data points. For example, in the figure below, both fits are possible, but not 
necessarily equally likely.
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Figure 7.2.1.4 Alternative Fits to Same Data
The following figures demonstrate the application o f the least squares algorithm to the 
prediction of fade level, strong signal scintillation is present in the fade, which is based on a 
scaled 12  GHz measured fade, the response o f a prediction scheme in the presence of 
scintillation is of particular importance at 20/30 GHz, the measured fade extended to over 20 
dB, and can be considered quite severe. The solid line depicts the original fade, and the dotted 
line a prediction one time unit ahead, based on the indicated history o f previous values. The 
order here is arranged so that 0 is average, 1 is linear and 2 is quadratic. Firstly, order 0 which 
is an averaging method. The maximum error in this case, 2.18 dB, occurs at the start o f the 
prediction. This is because the algorithm has no previous measured values on which to base a 
prediction. Shorter histories allow the attenuation level to be more closely followed, though the 
prediction is more likely to overshoot on single point transients or measurement errors if very 
short histories (2 or 3) are used. This point is demonstrated by the reduction in average error as 
the history is increased. Too large a value increases the response time to a fade to unacceptable 
levels. The averaging process has a beneficial effect in tracking out the scintillation, this is 
important for the slower response time fade counter measures such as adaptive coding.
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In the figures below, the first order (linear fit) process is used. The algorithm appears to follow 
the fade level much more closely, but is also much more prone to overshoot, especially with 
the shorter history lengths. Note the much more rapid response to the start up level transient, 
and the subsequent large overshoot. Longer histories allow the scintillation present to be 
averaged out. This is desirable for adaptive coding schemes that are unable to react quickly
enough to counteract scintillation.
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Figure 7.2.1.7
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Figure 7.2.1.9
O riginal Prediction  Error
In the figures below, the second order (parabolic fit) process is applied to the fade. The 
overshoots are very much larger in the presence of scintillation when short histories are used, 
thought the longer history plots follow the underlying level quite well. This and higher orders 
of prediction algorithm does not work well in the presence of rapid scintillation.
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Figure 7.2.1.10
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Figure 7.2.1.12 
 Original -  -  -  Prediction  Error
From an examination of the results presented above, the zero order history 10 (5 seconds) 
appears to give the best results in the presence of scintillation. The presence o f scintillation may 
be detennined by measureing the varience of the signal level with short sample times (e.g. 100 
Hz). Scintillation will cause this varience to increase. In the following sections the response o f 
the algorithms to different types of signal variation is investigated. In the following plots, the 
effect o f reducing the history below 5 is investigated for a different portion of the same fade 
event used for the previous plots, with the scintillation removed by averaging. This 
demonstrates more clearly the response to the underlying fade level trend. The shorter histories 
are able to respond more rapidly to sudden changes in level, but are much more likely to 
overshoot.
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Figure 7.2.1.15
The following sequence of plots demonstrate the effect o f a change in the slope of the 
attenuation level using a ramp function as the test input. The first plot demonstrates that an 
averaging scheme will have a constant error with a steadily changing fade level.
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Figure 7.2.1.16
The following plots demonstrate the overshooting effect noted with linear and quadratic 
prediction. In these cases there are no constant errors. The area of the plot has been reduced to 
show the effect more clearly.
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Figure 7.2.1.17
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For the following plots, the history of the algorithm has been increased. This causes a larger 
constant error for the averaging scheme, and a more pronounced overshoot in the quadratic and 
linear cases.
time (sec) 
Figure 7.2.1.19
att
en
ua
tio
n 
(d
B
) 
att
en
ua
tio
n 
(d
B
)
224
Figure 7.2.1.20
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In this section the main characteristics o f a VSAT network are defined where relevant to the 
performance o f a network in the presence o f fading. The proposed fade counter measures 
scheme employs adaptive coding techniques on VSAT to Hub links, and Power control on the 
Huh to VSAT links. This section will examine the effect on the overall network o f fading on 
the VSAT to Hub links.
7.3.1 Distribution o f Stations
As an example, consider a CODE type network, with Ns stations sharing the Nc channels in an 
FDMA scheme, with slotted Alob-reservation. Each channel is shared between a number of 
stations in a slow TDMA scheme. Typically Nc might equal 10 and Ns equal 100. If we 
assume a maximum channel bit rate o f R, then the maximum capacity of the network is simply 
Ctot=NcR. The average data rate available to each VSAT is Cav=(Ctot/Ns). When fading occurs 
on a VSAT to Hub link, the adaptive coding scheme is used to maintain the bit error rate at a 
low level by introducing redundancy into the data stream. The effect o f this is to reduce the 
user data rate. For example, if a link that is operating using 1/2 rate coding suffers a fade, the 
fade counter measure control scheme might need to switch the link to 1/4 rate coding, halving 
the user data rate. The user must either accept the lower average data rate, or use a larger 
portion of the total network capacity. The maximum capacity available to each VSAT is limited 
to the capacity of each channel R. A  station with severe fading may require exclusive use of a 
channel. It is therefore necessary to know the distribution o f faded stations throughout the 
network in order to calculate the optimum number o f channels Nc for a given number of 
stations Ns and determine the average capacity of each VSAT Qy.
7.3 Modelling the performance o f a network using Fade Counter Measures
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Before this can be done, we must first make a few assumptions about the distribution o f 
stations, the distribution o f fade events, and the network traffic patterns. It is tempting to 
assume that each station will be statistically independent, and stations will be evenly distributed 
across the coverage area. It might also be assumed that fades occur totally at random and that 
simultaneous fading over a number of stations is unlikely. It is more probable however that 
widespread rainfall across the coverage area will occur on some days, and a large percentage of 
the stations will suffer light fading, with a few stations in the centre of raincells suffering heavy 
fading. On other days, no stations will suffer fading. Similarly, stations will tend to be 
grouped together in clusters around major conurbations rather than be evenly distributed. This 
is illustrated in the following diagrams.
Olympus
Figure 7.3.1.1 Even distribution of stations
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Stations unevenly distributed 
throughout coverage area
Olympus
VSAT SPOT HUB SPOT
Figure 7.3.1.2 Uneven distribution of stations
The likelihood of many stations in a coverage area suffering simultaneous fading is dependent 
in part on the size o f that area compared with the size o f a raincell and typical extent o f rain 
bearing weather systems. The small size of the Olympus 20/30 GHz spot beams will increase 
the probability of simultaneous fading. The CODE stations installed to date (Summer 1993) are 
fairly randomly scattered throughout the coverage area, but it is to be expected that the 
distribution of stations in a commercial network may be far from random.
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Studies of weather radar maps by Barton and Dinwiddy [2] have produced a model to predict 
the probability o f a given fade depth at any point within the coverage area of the radar given 
that a rain rate o f 5mm/hour is occuring somewhere within the coverage area. This 5mm/hour 
rate will on average occur within the coverage area over the worst 7% of the year. Although the 
results have been gathered for the area around Spino D’Adda in Italy, it is possible to apply the 
model to other areas with similar climates. The UK climate is not too dissimilar from that of 
Spino D’Adda from the point o f view of annual outage statistics, but UK sites are less likely to 
suffer from very high rain rates. Therefore the model will be applied as it is the best currently 
available, but the results may be somewhat pessimistic for high attenuation thresholds. The 
table below from [2 ] gives the likelihood that a station will suffer a given level of fading 
assuming a rain rate of 5mm/hour is occuring somewhere within the coverage area.
7.3.2 Distribution o f Raincells
Table 7.3.2.1: Fraction of links with given attenuation
dB Range Fraction of Links
0 -1 0.480
1 -2 0.351
2-3 0.083
3-4 0.033
4-5 0.017
5-6 0 .0 10
6-7 0.006
7-8 0.004
8-9 0.002
>9 0.014
229
It is clear from these figures that the majority of stations experience attenuations o f less than 2 
dB. It would be therefore appropriate to choose a fixed margin of 2 dB, to avoid all the stations 
within the coverage area needing to apply fade counter measures at the same time. If a margin 
o f 2 dB is chosen, only 17 % of links will be faded at a given time.
If we assume that an unfaded link normally operates using 1/2 rate convolutional coding to 
achieve good power efficiency, then reducing code rate to 1/4 will provide an additional 3 dB 
o f margin at the expense of halving the user data rate. Any additional coding gain will be 
neglected in the following discussion. Although the use o f additional redundancy can provide a 
worthwhile additional coding gain, at the expense of increased decoder complexity, the amount 
that will be achieved in a real system will be limited. This will be especially true if  puncturing is 
used to achieve multi-rate codes, as the resulting codes will not be the best possible codes. 
Rate 1/4 codes with gains o f 10 dB have been reported by [3]. The additional coding gain that 
can be realised is limited (Shannon's theorem) [7]. The following table gives the capacity 
required by links according to fade level, assuming a 2 dB margin, and that fades of more than 
9 dB lead to an outage.
Table 7.3.2.2: Fraction o f ca pacity required for faded stations
Fade Level Fraction of links Fraction of 
max Rate
Fraction of total 
Capacity
0-2 dB 0.831 1 70%
2-5 dB 0.133 1/2 2 2 %
5-8 dB 0.020 1/4 7 %
8-9 dB 0.002 1/8 1 %
>9 dB 0.014 Outage 0 %
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Hence a fixed margin of 2 dB is able to provide the same availability as a 9 dB fixed margin 
when adaptive coding is applied. The penalty is a reduction in data throughput during periods 
of fading, but as shown below, the total network capacity is only reduced by 26 % over the 
worst 7 % of the year.
If a network uses Nc channels, each with a maximum data rate of R, the maximum total 
capacity o f the network is given by Cmax = NCR. Refering to the table above, during a fade 
event, 70 % of channels will be operating at rate R, 22 % at rate R/2, 7 % at rate R/4, and 1 % 
at rate R/8 . This is illustrated in figure 7.3.2.1 below.
0.7 Nc 0.22 Nc O.OTNc 0.01 Nc
full rate 1/2 rate 1/4 rate 1/8 rate
channels channels channels channels
Figure 7.3.2.1 N Channel capacity usage
Using the ESA CODE [4] system as an example, with 10 channels (Nc=10), and each channel 
operating at only one data rate, we would typically have the channel plan as below in figure 
13.2.2.
6 full rate 
channels
2 1/2 rate ll/4rate ll/Srate
channels channel channel
Figure 7.3.2.2 10 Channel capacity usage
The capacity of the network is therefore:
Cfaded=(6xR + 2x(R/2) + lx(R/4) + lx(R/8)) «  7.4 R = 0.74 Cmax.
During periods of fading (7 % of time) the capacity is reduced by 26 %. This capacity 
reduction represents the quantity of common resource required for the fade counter measure 
scheme. When no fading is present, the system can run at the maximum capacity. With 100 
stations and 10 channels, the average transmitted data rate for each station will be 0.074R *  
700 bits/second, for 99.9 % availability.
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To simulate a fade counter measure scheme it is necessary to know the distribution of traffic 
that will be encountered. The size of messages to be transmitted, the frequency at which 
messages occur are particularly important parameters. The size of messages expected in the 
CODE system will vary from short single packets of a few hundred bits to large files o f several 
tens of kilobits. Database enquiries may only require one packet to be transmitted whereas the 
up-linking of weather radar maps from remote monitoring stations to the Hub will require very 
many packets. Both types o f service may be required at the same time by different users.
The frequency of message generation will also vary over the day. In the CODE system, where 
the coverage area is steered to access groups of users for set periods of around 20 minutes, it 
can be assumed that the majority o f messages might arise before the set period and consist of 
E-Mail, database requests, and file transfers. The operation o f the VSATs will be highly 
automated, and little interactive traffic will occur. The message frequency can therefore be 
arranged to be constant.
In the non-interactive system, at the beginning o f a session, all stations are polled by the Hub 
to report how much and what type o f traffic they have to send. The Hub station will then 
determine when messages are transmitted on a priority basis.
In the interactive system, stations use a slotted Aloah calling channel to request transmission 
time and frequency slots. The use o f a calling channel may be difficult for faded stations 
unless the full adaptive coding gain is used by all stations. In the slotted Aloah scheme, all
7.3.3 Distribution o f Traffic
233
packets must fit into the allocated time slots, but for a faded station request to be correctly 
decoded, the maximum coding gain must be used. The use of the highest gain code severely 
reduces the capacity of the calling channel. This problem may be overcome by reserving some 
of the time slots for faded stations, in a scheme similar to adaptive TDMA.
7.4 Effect of Frequency Scaling Errors in Fade Counter Measure Schemes
The 20/30 GHz frequency scaling factor is not constant, but has a mean value of 2.2 with a 
standard deviation of up to 0.2 (dependant on elevation angle, climate etc). This occurs because 
attenuation may be caused by a number of different processes, such as scattering or absorbtion, 
or a mixture of processes. The graph below illustrates the probability distribution of the 20 to 
30 GHz scaling factor for a European location.
0 .0 5
0 .0 4
§  0 .0 3  
•§
8  0 .0 2  
PL,
1 .5  2  2 .5  3
2 0  G H z  - 3 0  G H z  S ca lin g  F actor
0.01
0
2 0  to 30  G H z  A ttenuation  S ca lin g  F actor
Totnihfn
Figure 7.4.1
234
This variability in the scaling factor can lead to large control errors in fade counter measure 
schemes that are based on frequency scaling between the 20 GHz downlink and the 30 GHz 
uplink. For example there is a 10% chance that the correct frequency scaling factor at any given 
time will be less than 1.9. If the fade level at 20 GHz is 10 dB, then using a scaling factor of
2.2 gives an estimated fade depth at 30 GHz o f 22 dB. However, there is a 10% probability 
that the actual fade depth at 30 GHz is only 19 dB, an error of 3 dB.
When using an up-link power control scheme with a range o f 10 dB, in the proposed fade 
counter measures experiment, the variability o f the attenuation scaling factor between the 
19.77 GHz Olympus beacon and the 28 GHz up-link frequency will lead to power control 
errors of the order o f 1-2 dB. So long as the effects o f transmittin excess power do not severly 
affect other users then this small error can be incorporated into a fixed system margin.
7.5 Signalling
In a fade counter measures scheme it is important for both transmitter and receiver to have 
reliable and accurate propagation status information. There must therefore be some 
communication between the two stations. To minimise costs this data must be multiplexed with 
user data and the receiver must have a mechanism for determining which data is user data and 
which data is concerning fade counter measures. Where adaptive coding is used, it is preferable 
for the current code rate to be determined by the receiver by examining the properties of the 
coded data. The receiver must also have a method of detecting whether the received data is valid,
i.e. that the right decoder is selected. Regardless of the transmission method, data regarding 
fade counter measures must be sent in a robust manner, for example with a cyclic redundancy 
check byte, to avoid errors.
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A method o f communication that is used successfully in many applications is to send a unique 
bit pattern that can be recognised by the receiver as a flag to mark the beginning of a section of 
data. When the receiver detects this bit pattern some action is taken. Such bit patterns are often 
called unique words and mark the beginning of data packets in x25 links. User data is 
processed at the transmitter to prevent sending the unique bit pattern by accident. To avoid 
wasting channel capacity, the unique word must not be long, however the probability o f a false 
unique word being received, for example owing to noise is dependant on the length of the 
unique word. If a veiy long unique word is used, then bit errors are more likely to occur during 
its transmission. A  reasonable length for a unique word therefore lies between 32 and 64 bits.
32The probability of noise causing a false 32 bit unique word is 1/(2 -1), about once per 4 billion 
bits or every 18 hours on a 64 kb/s link. The probability of a false 64 bit word on a 2 Mb/s link 
is once every 200,000 years, quite insignificant.
When no change in channel conditions is evident the unique word is sent periodically as a 
channel sounder. A time out period is set at the receiver so that if no unique word is received a 
link failure is assumed and recovery procedures adopted. This time out must be set to at least 
two sounding periods to prevent falsely determining a channel outage from a bit corruption 
within the unique word. At a typical channel error rate of 10"6, the probability of a lost unique 
word is approaching one in one thousand. The probability of two or more lost unique words in 
sequence is not significant at under once per million unique word sounding periods.
Apart from testing channel integrity the unique word can be used to mark sections o f 
propagation data. E.g. it may signify that the next N bits are propagation data or be a control 
word to specify the destination of the next segment of data. It may also be used as a measure of 
which code in an adaptive coding scheme is being transmitted. Here the receiver has a bank of
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decoder chips followed by a correlator. If a sufficiently long unique word is used, then it is not 
likely that the output from a decoder operating at the wrong code rate will produce a correlation. 
Therefore if a correlation is found then that decoder is operating at the correct rate. As Viterbi 
decoder LSI chips are becoming less expensive, such a scheme is an economic possibility for a 
VSAT where there may only be a few possible code levels. The advantage o f this scheme is that 
recovery from an outage is completely automatic. This scheme has been tested by simulation and 
the results are reported in chapter 8.
7.6 Conclusion
The fade counter measures control scheme is a vital part of the overall system. It is important to 
include a small fixed fade margin to account for control errors and inaccuracies in measured 
propagation data. Linear prediction o f attenuation trends can be used to help overcome the 
detection delays associated with the satellite link. However the accuracy of such predictions can 
not be extended for more than a few seconds. A  small margin is required to account for this and 
tests made on measured propagation data indicate a margin o f 0.5 to 1 dB will be sufficient. It is 
therefore more profitable to minimise fade detection delays. Some hysteresis is necessary in the 
selection o f fade counter measure level to prevent continuous switching in the event of signal 
fluctuations around the switching threshold. Frequency scaling can lead to errors of around 1 dB 
for a fade of 10 dB at 30 GHz and this has implications for up-link power control schemes. 
Unique words may be used as a simple and reliable method o f signalling between the transmitter 
and receiver as long as sufficient bits are used. They can also be used to detect link failure and 
aid recovery in adaptive coding schemes.
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In order to assess the applicability and performance of the proposed fade counter 
measures schemes, simulations were mn using the COSSAP 6.4.1 [1] package. The 
COS SAP package eases simulation by allowing the user to build up a model o f the 
required channel from the basic models and libraries provided with the package. The 
use of a simulation package reduces the necessity for hardware measurements and 
permits good control over the channel parameters. Although hardware measurements 
were originally planned a lack of available equipment and funding prevented them. 
From a preliminary investigation it was realised that more information was required in 
the following areas: -
1. Response of MODEM/CODEC to variable C/No
2. Effect of lock up delay in MODEM/CODECs
3. Effect of inter-modulation and interference in multi-carrier networks
4. Channel quality estimation techniques
5. Effect o f errors in control parameters
The first two areas are dependent on the type of modem and CODEC used. The third 
area was felt to be of great importance as the statistical nature of fading at 20/30 GHz 
will cause only a few carriers sharing a transponder in an FDMA scheme to fade at any 
time. These carriers will suffer not only from a reduction in up-link and down-link 
carrier to noise ratio but will also suffer intermodulation interference from adjacent 
unfaded carriers. The fourth area is o f great importance to the control of a fade 
counter measure scheme as the controller needs channel quality information to operate. 
The fifth area deals with errors in the channel quality estimation and their 
consequences as well as the effect of the satellite link delay. The following sections 
document the steps taken and results obtained in developing suitable models of the
8. Simulation of Fade Counter Measure Scheme Parameters
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fade counter measures scheme. Models have been developed based on the proposed 
schemes outlined in earlier chapters.
8.1 Basic Modelling
The task of generating suitable fade counter measure simulation models was broken 
down into manageable parts. COSSAP allows the user to build up a library of models 
that may be incorporated into later simulations. This hierarchical approach makes the 
development of complex simulations more tractable. The descriptions and results 
presented in this section document the development of the models required for the 
simulation
8.1.1 Selected Convolutional Codes
The adaptive coding fade counter measure scheme requires a multi-rate CODEC. The 
COSSAP package allows simulation of CODECs of various types. Convolutional 
coding with Viterbi decoding, as used by the proposed fade counter measures scheme, 
is available by entering the appropriate generator polynomials and constraint length, 
the number o f input and output bits and the decoder memory parameters.
A  constraint length of 5 was chosen as it provided a good balance between 
performance and computational requirements. Longer constraint lengths use 
significantly more processing resource and therefore take much longer to simulate. 
Specialised integrated Viterbi decoders of constraint length 5 are cun*ently 
commercially available at reasonable cost [3]. A survivor length o f 31 was also chosen 
from [2].
The code parameters were taken from [4 Digital Communications, Proakis, 2nd 
Edition] and represent well tried codes found by computer search.
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In Cossap the parameter m is the sum of the constraint length 1 and the number of 
inputs k, i.e. 1+k.
Rate k n IT) dfree Generator Polynomials (octal)
1 / 2 1 2 6 7 2 3 35
1 /3 1 3 6 1 2 2 5 33 3 7
1 /4 1 4 6 16 2 5 2 7 3 3 3 7
1 /5 1 5 6 2 0 3 7 2 7 3 3 2 5 3 5
1 /6 1  6 6 2 4 3 7 35 2 7 33 2 5 35
1 / 7 1 7 6 28 3 5 2 7 2 5 2 7 3 3 3 5  3 7
1/8 1  8 6 3 2 3 7 33 2 5 2 5 3 5 3 3  2 7  3 7
Rate 1 k n m dfree Generator Polynomials (octal)
2 /3 4 2 3 6 7 2 3 6 1 5 5  3 3 7
3 /4 2 3 4 5 4 1 3 2 5  6 1  4 7
3/8 2 3 8 5 8 1 5 4 2  2 3  6 1  5 1  36  7 5  4 7
Table 8.1 Convolutional Codes
8.1.2 Plain AWGN Channel Simulation
A plain channel was simulated using COSSAP to verify that the Viterbi decoding with 
hard decision worked as expected. A pseudo-random data source was passed through 
a simulation of a BPSK channel including models of transmit and receive filters. The 
modulator and demodulator were ideal versions supplied with the package. Filters 
were root raised cosine with a cut off frequency of (1.4 x symbol_rate) and a roll off 
factor of 0.4. The FFT length was set at 2048 and there were 4 samples per symbol. 
COSSAP simulations axe sample driven, in that a module waits for sufficient samples 
to queue at its input before producing an output. Nyquist theory sets the minimum 
number of samples per symbol at 2. Additive white Gaussian noise was added between 
transmitter and receiver. The demodulated bits were compared with the transmitted
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bits to determine the bit error rate. Bit error rate was measured by counting until 100 
errors had occurred and then dividing by the total number of bits. A count of 100 
errors gives a reasonable prediction of the bit error rate for random errors [2]. Bit 
error rates down to 10'5 were investigated for uncoded BPSK. Results agreed with 
theoretical predictions for uncoded and coded channels, verifying the basic models.
XCOSSAP 6.4.1
mikeS CONFIGURATOR
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redraw p ic tu re
CONFIGURATOR
Pick menu
Fig 8.1.1 Basic Viterbi Simulation
8.1.3 Multi-Rate CODEC
A simulation was then developed allowing one of several CODECs to be selected. 
Regardless of CODEC the channel rate remains constant although the data throughput 
decreases. CODECs using code rates of 1/2, 1/4 and 1/8 were used together with an 
uncoded signal. The appropriate CODEC is selected dependent on the value of a 
control signal. A hold module is used after each CODEC to ensure equal data rate 
outputs. This is necessary to prevent the simulator running out of memory owing to 
the sample driven operation of COS SAP. The block diagrams of this simulation and its 
multi-rate coder and decoder are presented in the following figures 8.1.2 to 8.1.4.
243
Multi Rate Encoder
Fig 8.1.3 Multi-Rate Encoder
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Haiti Rate Decoder/ Coaster
Fig 8.1.4 Multi-Rate Decoder
8.1.4 Non-Linear Effects and Transponder Saturation
Following the verification of the multi-rate CODECs a simulation was made 
incorporating the non-linear effects of a satellite travelling wave tube amplifier. The 
Cossap model is a representation of a real Intelsat device, provided with the package. 
This TWTA has been measured and a DSP representation is provided as the model 
TWT4AP. As this model uses an amplitude-phase signal representation the incoming 
samples are first converted to polar co-ordinates. The two MVSMUL modules around 
the TWTA are to set the input and output signal levels. After the TWTA the samples 
are converted back to the complex representation.
Intermodulation interference becomes a problem when the satellite transponder is 
operated near to the maximum output. The large number of small signals present in a 
typical VSAT FDMA scheme will combine to saturate the transponder. At maximum 
gain settings there is also the probability that amplified satellite transponder receiver 
noise will account for a large proportion of the transponder power output, possibly 
saturating the TWTA. A simple VSAT model was developed to provide interfering
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carriers at selectable amplitudes and frequencies. The wanted signal is translated to a 
transponder frequency with the module FDEVC. The following simulation uses two 
interfering VSATs. Noise is added at the up-link as this is the worst case and usually 
the VSAT is up-link power limited.
When a VSAT up-link suffers a fade the loss in up-link signal power will be 
compounded with a decrease in down-link power and a reduction in the carrier power 
to intermodulation noise power ratio. The following figures 8.1.5 to 8.1.7 demonstrate 
the effect of the TWTA and adjacent carrier interference on an uncoded BPSK signal.
Fig 8.1.5 Model for Saturation & Intermodulation
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The non-linear model was then combined with the multi-rate CODEC model. The 
following graphs in figures 8.1.8 and 8.1.9 demonstrate some of the simulation results 
with three carriers and a 10 dB fade.
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Figure 8.1.9 Effect of Saturation of Faded Carrier (1/4 rate Viterbi)
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An accurate and rapid estimation of the received carrier to noise ratio is essential in 
controlling a fade counter measure scheme. The carrier to noise ratio can be assessed 
by direct measurement or indirectly by determining the bit error rate. The proposed 
access schemes for VSAT networks such as CODE, described in the previous chapter 
4, is by Frequency Division Multiple Access (FDMA). This complicates the assessment 
of the carrier to noise ratio of an individual earner as the noise arises from 
intermodulation produces as well as thermal sources. Therefore the noise power is not 
evenly distributed over the transponder bandwidth.
Measurements of carriers power are liable to errors owing to gain variations over time 
in the VSAT receiver. The ratio of carrier power to a beacon of known power can be 
used but this requires an additional beacon receiver and a suitable beacon. Beacon 
measurements are not able to take into account intermodulation and interference 
effects. The carrier power may be compared to the noise floor adjacent to the earner 
frequency if there is a guard band between individual carriers or if an unused portion of 
bandwidth is available but any intermodulation products that may fall in this band will 
lead to an underestimation of the carrier to noise ratio. This will then include phase 
noise and inter symbol interference.
In VSAT systems it is desirable to reduce the cost of each terminal. The additional 
expense of a second receiver to measure beacon or noise power can be avoided if the 
bit error rate is used as the main indicator of signal quality. As the bit error rate is the 
parameter that is to be minimised it is therefore logical to use measured error rate to 
control the fade counter measure level.
The scheme could examine the bit error rate directly, though this would require the 
periodic transmission of a known bit sequence. A second possibility it to re-code the
8.1.5 Estimation of Carrier to Noise Ratio by Demodulator
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output from the convolutional decoder and compare it with the input bits to assess the 
proportion of corrected bits. After 50 to 100 errors have been detected a reasonable 
approximation to the bit error rate is achieved. The need to count a significant number 
of errors before being able to judge the error rate is a product of the statistical nature 
of the error rate, and therefore both of these schemes suffer from a poor response time 
in low bit rate systems. For example at a VSAT transmission rate of 8 kb/s equating to 
a single voice channel, using 1/2 rate coding and a channel error rate of 10'3, then 100 
errors will occur after 105 channel bits, or about 6 seconds. Clearly the error counting 
method will not give adequate response for this system. For higher rate Hub outbound 
links the received bit error rate can be assessed much more rapidly and will have 
adequate response.
An alternative method of estimating the carrier to noise ratio in PSK systems is to look 
at the variance of the phase of the detected carrier (figure 8.1.10). The larger the 
variance the higher the bit error rate and the lower the carrier to noise ratio. The bit 
error rate is directly related to the phase variance. However by merely examining the 
bit error rate based on a hard decision much information about the signal quality is lost. 
The variance of the phase can be assessed from the variance of the soft decision 
outputs from the demodulator, or in the absence of a soft decision output by noting the 
variance from the nearest ’perfect phase' point
250
o<
o . -
-l .—
- 2 . -
QPSK Constellation
EH Eb/No 9 dB 
QTj Eb/No 3 dB
i.— o*
0 0
b - 0 o » * * ~ #oCO S**o o
tjfl 
cd
2  “  o o *  * * o
» o ^ 8 ,  « ^o ° »%** _«
d>o °°
%**{*/ ,« ««
■ 1 ' I ' ' ' ' I ' ' ' 1 I ’ ' ’ ■ I-2. -1. 0. 1. 2.
real part
Fig 8.1.10 Effect of noise on carrier phase
A simulation was developed in COSSAP to determine the usefulness of this method 
especially at low carrier to noise ratios. Initially a linear channel was used with additive 
white Gaussian noise. Figure 8.1.11 demonstrates the running average over 10000 
symbols for QPSK of the normalised r.m.s phase error against time for Carrier to noise 
ratios between -12 and 12 dB. The data rate is 1 symbol/second.
QPSK Phase Error Vs C /N o ( - 1 2  to 12 dB)
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Fig 8.1.11 Variability of r.m.s phase error (10 iterations)
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Figure 8.1.12 shows the output ffom the estimation module against the carrier to noise 
ratio for a BPSK signal. The results show that, as expected, a reasonable estimation of 
carrier to noise ratio may be rapidly made using this method for the carrier to noise 
ratios typical of VSAT systems. A model was therefore developed to provide an 
output proportional to the r.m.s phase error. The output is shown in figure 8.1.13
Fig 8.1.12 Signal quality detector model
Fig 8.1.13 Signal quality detector output
252
An alternative method of carrier to noise ratio estimation is to measure the power of 
the carrier plus noise and the power of the noise alone. This can be achieved with the 
use of two band-pass filters, one centred on the carrier frequency, plus one centred on 
a frequency where no carrier is present
There are problems with this approach, especially in the presence of intermodulation 
products. However the method has a rapid response time, dependant on the degree of 
averaging used in measurement. Cossap simulations were developed to demonstrate 
the effectiveness of the method.
The simulation aims to test how much effect the presence of intermodulation with 
carriers of differing and variable level have on the estimation of carrier to noise ratio. 
The simulation block diagram in figure 8.1.14 demonstrates the modules necessary for 
testing the method. A random bit sequence is modulated to form a BPSK signal that is 
filtered using a root raised cosine filter and translated to a channel frequency. This 
signal has additive white Gaussian noise added and is then summed with the signals 
from two interfering carriers, placed in adjacent channels with both using the same 
modulation scheme. The result is passed through a non-linearity in the form of a 
travelling wave tube amplifier representation. The carrier signal is translated back to 
baseband and filtered. Carrier amplitude is converted to absolute units and integrated 
over a specified number of samples. A portion of the frequency space not occupied by 
a carrier is also translated to baseband and filtered using a narrower bandwidth root 
raised cosine filter. This noise amplitude is then processed in the same way as the 
carrier amplitude. The ratio of the integrated carrier amplitude and integrated noise 
amplitude is then measured to provide the carrier to noise ratio estimate.
8.1.6 Signal Quality Estimation by Noise Measurement.
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Fig 8.1.14 Carrier & Noise Power Measurement
The resulting spectrum before the translation to baseband for a carrier to noise ratio of 
20 dB is demonstrated in figure 8.1.15. Here the TWTA is operating below the 
saturation level, with a back-off of approximately 3 dB and at saturation. The presence 
of intermodulation products is clearly demonstrated.
3 dB Back-off Saturation
Fig 8.1.15 Receiver spectrum for three carriers
frequency in Hz
Downlink Spectrum (C/N=20dB)
z!s 6.0 7.6 10.0 12.5
frequency in Hz
In a real network there will be more than three carriers, with a subsequent increase in 
intermodulation products. The amplitude of the intermodulation products is very
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sensitive to the amplitude of the interfering carriers. Therefore it is important to 
measure the noise amplitude at a point where the intermodulation products are a 
minimum to avoid errors in the estimation. The resulting SNR estimations for the 
above simulation are presented in the figure 8.1.16.
From figure 8.1.16 above, it is apparent that the relative output level from the detector 
depends on the degree of transponder saturation as well as the carrier to noise ratio. 
This effect is clear from the following plot of figure 8.1.17 where the receiver spectra 
for two simulations are plotted on the same graph. The linear spectrum is lower in 
amplitude as the TWTA is backed off by 10 dB. Both simulations have the same input 
level of C/N, however in the saturated case the signal amplitude has become 
compressed and the noise level is raised by intermodulation products.
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Fig 8.1.17 Received Spectrum
It is interesting to note the effect of a faded interfering carrier on the estimated carrier 
to noise ratio. The plot in figure 8.1.18 demonstrates the spectrum achieved when one 
of the interfering carriers is attenuated by 6 dB, for example by an up-link fade.
R e ce iv e r  S p e c tru m  (S a tu r a te d  &c L in ear)
f r e q u e n c y  i n  H z
Fig 8.1.18 Spectrum with one earrier faded
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There is clearly a difference in the level of intermodulation products and the carrier to 
noise ratio of the faded carrier apparent in the spectrum and the detector output shown 
in figure 8.1,19 is also different. The product of the effects of intermodulation and 
carrier saturation mentioned is that the overall efficiency of a fade counter measures 
scheme using this method of carrier to noise estimation will be degraded. This occurs 
because a margin will have to be included to allow for any measurement errors that 
may arise.
In a network where the transponder utilisation is light and the satellite transponder is 
not operating at saturation, or where the noise floor is dominant, the C/N method of 
fade detection will give good results as is demonstrated by the results obtained for a 
linear TWTA. In a practical system it would be advised to make fade estimation 
decisions based upon a combination of more than one method, with the received bit 
error rate used as an overall calibration.
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To Assess the effect of lock up delays in the receive modem a model was developed 
for a BPSK modem. The following figure 8.1.20 shows the component parts of the 
simulation. Initially additive white Gaussian noise was used without any adjacent 
channel interference. Data gathering modules were used to measure the scatter plots of 
recovered carrier phase, the control signals from the Gardner timing recovery and 
phase recovery loop, the input and output bits, and the bit error rate. It is possible to 
vary the parameters of the signal recovery modules, for example the timing error 
feedback loop gain or the phase error feedback loop gain, to provide the optimum 
demodulator performance. Reasonable values were found by iteration, higher loop 
gains lead to faster acquisition at the expense of increased jitter during tracking. The 
root raised cosine filter parameters were changed to a tighter 3 dB cut-off of 0.5 of the 
symbol rate with the roll off factor remaining at 0.4.
8.1.7 Modem Timing and Phase Recovery
Fig 8.1.20 Modem Performance Simulation
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The timing recovery loop (figure 8.1.21) is based on the Gardner implementation but 
includes the addition of a noise clipping filter to reduce the effects of noise spikes. 
Without this filter the performance is considerably degraded.
Symbol Timing Recovery
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Fig 8.1.21 Gardner Timing Recovery Loop
Figure 8.21 demonstrates the output bit error rate from the demodulator, once locked. 
The results presented in figure 8.1.22, agree closely with the theoretical prediction, as 
should be the case. Points are based on the counting of 100 errors by a Monte-Carlo 
simulation. The use of 100 bits gives a reasonable compromise between accuracy and 
execution time. The bit error rates for Eb/No greater than 6 dB were not measured 
owing to the long simulation times required at low error rates. With convolutional 
coding, the modem will be expected to operate at low Eb/No, large Eb/No values 
imply a large margin and that the channel is not being used efficiently.
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The chart in figure 8.1.23 demonstrates the eye pattern achieved at a high Eb/No 
verifying the performance of the root raised cosine filter modules. A good eye opening 
was noted at the optimum sample time with little inter-symbol interference.
Fig 8.1.23 Eye Diagram for 20 dB Eb/No
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A timing error of 1/2 a symbol period was introduced to test the lock up of the timing 
recovery simulation. The results of this simulation are presented below in figure 8.1.24. 
It was found that timing recovery took around 100 symbols, equivalent to 1/100 
second at 9.6 kb/s. The following figure illustrates the effect of the loop gain on lockup 
and jitter. A value of -0.08 was chosen as providing a good balance between lockup 
and jitter at low Eb/No.
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Fig 8.1.24 Timing Recovery Performance
The effect of signal to noise ratio on the timing loop lockup was not severe, with lock 
easily attained at an Eb/No of 0 dB. However there was considerably more timing jitter 
noted at low Eb/No values. It was also found that when a timing error of 1/2 symbol 
was introduced the timing loop would either lock with a 1/2 symbol timing advance or 
with a 1/2 symbol timing delay. This is possible as the symbol samples are held in a
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window register and timing is attained by sliding this window forwards or backwards. 
A problem arises in the simulation as the forwards or backwards slippage gives rise to 
a single bit period error in the recovered timing signal. In a normal satellite link this 1 
bit error is of no consequence, however it is most important in a Monte-Carlo error 
counting scheme to synchronise the pseudo-random binary sequences at transmitter 
and receiver. This has been achieved for the simulation using a single bit delay module 
controlled by the control output from the timing recovery circuit. At very low Eb/No it 
is possible for noise to cause sufficient timing jitter to introduce a bit slippage, with a 
subsequent Viterbi decoder malfunction. Therefore it is necessary to choose the loop 
feedback gain, and hence bandwidth, carefully. A high loop gain will ensure rapid 
timing acquisition but also increase the risk of a bit slippage occurring. The 
performance of the timing recovery circuit was tested with a loop gain of 0.08 and 
found to be still able to acquire lock at an Eb/No of -10 dB.
A frequency offset was then added to the simulation to assess performance. Frequency 
errors arise from Doppler shifts as well as local oscillator drifts in the RF equipment. 
Although satellite modems usually are designed to track the signal frequency, small 
errors can occur, especially at higher RF frequencies where the effects of drift become 
more severe. After an attenuation event the demodulator must rapidly re-acquire the 
carrier signal at a low Eb/No. This can be achieved by using a pilot tone.
Frequency offsets were simulated in COSSAP by adding a fixed phase offset to each 
sample thereby rotating the symbol phase. It is possible to vary the loop gain of the 
phase recovery circuit to permit greater phase offsets. With a loop gain of 0.04, large 
phase offsets, e.g. 1/10 of a rotation per symbol the phase recovery module failed to 
correct the phase error, leading to a high bit error rate. At smaller offsets e.g. 1/100 of 
a rotation per symbol, phase lock was maintained. In a real demodulator operating with 
a symbol rate 9.6 kb/s a offset of 1/10 rotation per symbol indicates a frequency error 
of only 100 Hz. Therefore demodulator frequency acquisition is particularly important
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at low data rates. A poor frequency lock can not be compensated by the phase 
recovery circuitry. The block diagram of the phase recovery module is shown in 
figures 8.1.25 and 8.1.26, with the locking demonstrated in figure 8.1.27.
BPSK Phase Recovery
Reeoverd Phase
Figure 8.1.25 Phase Recovery Loop
v c o
Figure 8.1.26 Expansion of module VCO
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8.1.8 Soft Decision Outputs
The development of a phase recovery loop allows the inclusion of soft decision outputs 
to enhance the performance of the Viterbi decoder. Although the COSSAP Viterbi 
decoder allows soft decision, the COSSAP MPSK demodulator provided in version
6.4.1 does not output soft decisions. The use of Soft decision decoding provides a 
valuable increase in coding gain, by allowing the Viterbi decoder to assign relative 
confidence values to received bits dependant on their distance from the phase decision 
threshold.
In order to add soft decision outputs to the decoder, a new Costas Loop phase 
recovery circuit was developed. The block diagram of this simulation and expansion of 
hierarchical blocks is presented in figures 8.1.28 to 8.1.30.
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Fig 8.1.28 Soft Decision Phase Demodulator
Fig 8.1.29 Expansion of Loop Filter
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Fig 8.1.30 Expansion of I_Q Demodulator
To account for varying input signal levels an automatic gain control module was 
included. This had an initial window of 100 symbols. The real part of the recovered 
phase output after the automatic gain control module was quantised to give levels of 
+-7, as required by the Viterbi decoder. An example of this output at carrier to noise 
ratios of 0 dB, 6 dB and 12 dB is presented in figure 8.1.31 below.
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Fig 8.1.31 Soft Decision Outputs
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The resulting bit error rates for a linear channel with additive white Gaussian noise 
using the demodulator model developed previously are presented in the following 
figure. It is interesting to note that the bit error rate for the coded case is worse than 
that for the uncoded case below an Eb/No of 4 dB. The Eb/No in the figure refers to 
the information bit energy. Because 1/2 rate coding is in use, the channel Ec/No is 3 
dB below this figure. In the proposed Adaptive Coding Fade counter measure scheme, 
the information bit rate is reduced during fading as the code rate is increased. The 
effect of this on the plot is to improve the coded error rate by the equivalent of 3 dB, 
with the penalty of a loss of data capacity. As the required bit error rate must be below 
10 / the poor performance of the convolutional coder at high bit error rates around 10'2 
is not significant The poor performance below 1 dB Eb/No ( -2  dB Ec/No) owes to 
the loss of phase lock by the simulated demodulator, leading to burst errors. This 
performance could be improved at the expense of increasing the phase acquisition time.
Owing to the statistical nature of the bit error rate measurement, coupled with the 
requirement for the simulation to run in a reasonable time, the bit error rate is 
determined by counting 100 errors or 1 million bits, whichever occurs first. This leads 
to some scatter of the measured bit error rate points around the actual error rate, 
becoming more significant at the extremes of high and low error rates. The accuracy of 
the measurement is however adequate to determine the general trend that using soft 
decision is better than using hard decision by over a dB, with the actual improvement 
depending on the error rate. The coding gain of the CODEC at a bit error rate of 10'5 is 
estimated at 4 dB (Figure 8.1.32).
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Fig 8.1.32 Soft Decision Performance
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This section covers the application of the blocks developed in section 8.1 to a fade 
counter-measures simulation. The aim of this is to dynamically vary the carrier to noise 
and interference ratio in a simulation and allow the signal quality detector to estimate 
the most suitable coding rate. The selected coding rate is then communicated back to 
the signal source and multi-rate encoder and is selected. The more important 
parameters of the simulation are monitored and the performance of the scheme 
measured. Realistic models of modems, CODECs, filters and TWTAs are incorporated 
along with interference from adjacent transmissions.
8.2.1 Basic Fade Counter Measure Model
Allowing the output of the simulation to control the input implies that there will be a 
delay before the signal quality can be detected. There is also a satellite round trip delay 
caused by the time taken for a signal to traverse the distance between sender, satellite 
and receiver, of about 280 mS. The effects of these can be simulated within Cossap 
using the DELAYR module, but there are some constraints on array memory space 
that must be considered.
In order to test out the modules a simulation was developed where the output of the 
signal quality detector was passed through a set of threshold detectors that output a 
value depending on whether the signal amplitude at the input is greater than or less 
than a threshold parameter. These modules may be thought of as analogous to 
comparators. The threshold levels were set to allow the selection of code rates of 
uncoded, 1/2, 1/4 and 1/8 in order of decreasing carrier to noise ratio. Although this 
method is far from ideal, with no memory or hysteresis it is simple and therefore suited 
to testing the correct operation of Cossap in a step by step approach. More complex 
decision mechanisms, taking account of hysteresis and other parameters, can then be
8.2 Application of Models to Fade Counter Measures Simulation
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added to a model that is already known to work. As the CODEC parameters have 
already been ascertained, the effects may be estimated without using the Monte-Carlo 
method, increasing the execution speed considerably and permitting the inclusion of 
real propagation data. The block diagram for the basic model is presented in figure 
8.2.1.
F a d e  C o u n te r  M easu re S im u la tio n
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Fig 8.2.1 Fade Counter Measures Basic Simulation Model
The resultant threshold selection is demonstrated in the figure 8.2.2, confirming that 
the basic model operates as expected. The thresholds are the points where one of the 
four levels of coding is selected. Optimisation of these thresholds is necessary, 
however it is not possible to simulate error rates below 10’5 using Cossap owing to the 
execution times required.
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Fig 8.2.2 Threshold Response
Simulation of the model gave the low bit error rates expected from the performance of 
the Viterbi soft decision decoders. The up-link SNR was varied from 0 dB upwards 
with the model selecting the appropriate coding level. The practicalities of the error 
counting method limit the minimum bit error rate that can be measured. Error rates of 
around 10"5 were aimed for, with each simulation then taking in excess of 800 minutes 
of CPU time, or approximately 24 hours at a normal system loading. Lower rates 
could not be easily measured owing to machine reboots, approximately once per week. 
In the following figure, error rates below 10’5 are capped at that level. Generally where 
the error rate is around 10~5 no errors were detected in the simulation (figure 8.2.3). 
The effect of incorrect code selection simulated by deliberately using the incorrect 
code for transmit and receive was found to be catastrophic. A code rate detection unit 
is considered necessary.
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8.2.2 Link Failure Detection
In order to overcome the problem of incorrect code rate an automatic link failure 
detection mechanism was introduced. The link failure is based on the periodic 
transmission of a unique word. A unique word detector is used by the receiver to 
control a timer. If no unique word is received in a specified time the link is considered 
to have failed and a recovery operation commenced.
In this example case, a unique word with the bit pattern 0111111001111110 is used. 
This is the standard eight bit X25 pattern repeated twice to reduce the probability of 
false detection. Bit stuffing, where a zero is automatically inserted after a sequence of 
five Is is used to prevent false unique words being sent. This is achieved by a C 
program producing a data file consisting of bit stuffed pseudo random bits with 
periodic unique words. The data file is then used in place of the COSSAP pseudo 
random bit source. The COSSAP model block diagram is presented in figure 8.2.4 for 
detecting an arbitrary 8 bit unique word. The results of a simple test using two 
detectors cascaded are also shown in figure 8.2.5.
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Figure 8.2.5 Unique Word Detector Test
It is also possible to detect a unique word bit pattern by using an FIR filter with 
coefficients set to detect the unique word. A simulation was developed using this 
technique that worked correctly. A disadvantage of the FIR technique within COSSAP
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is that the filter works with real data types and is therefore slower to execute. An 
advantage of using the FIR filter is that is requires fewer basic simulation blocks. 
COSSAP limits the maximum number of blocks that can be used in a simulation. Either 
approach is equally valid, and both were used giving the same results. The FIR method 
is preferred where there are many 32 bit unique word detectors in a simulation owing 
to the limitations on the number of blocks permitted in a hierarchical model in 
COSSAP 6.4.1. These limitations disappear in version 6.5, but the later version was 
not available for the earlier simulations.
An important consideration is how often a random bit sequence produced by noise will 
falsely create a unique word. The longer the unique word, the more channel capacity is 
lost by transmitting it, however the shorter the unique word the greater the chance of a 
false detection. Therefore there is a trade-off between unique word length and channel 
efficiency. At low bit rates this can be important as at a rate of 10 intentional 16 bit 
words per second and a data rate of 9600 bits per second, nearly 2% of the capacity is 
lost In theory the probability of a 16 bit unique word occurring by chance is l/(216 -1), 
about 1.5 xlO'5. A simulation was run to assess this probability, and it was found that 
the 16 bit unique word had a probability of approximately 1.3 xlO’5 of occurring, close 
to the predicted value. Although this may be adequate at 9600 bits per second, 
representing a false detection approximately every 7 seconds, is was considered too 
high for higher bit rates and the unique word was expanded to 32 bits. Theoretical 
predictions indicate that the probability of a false 32 bit unique word is 2xlO"10, quite 
adequate, indicating that even at 2 Mb/s a false unique word will occur every 40 
minutes. This time is much greater than any reasonable link loss timer. To simulate this 
in COSSAP is impractical as estimations based on counting 10 million bits required 20 
minutes of CPU time and indicate a false unique word would appear on average every 
73 days. However the closeness between the results for a 16 bit word and the 
theoretical value give confidence that the model works properly for a 32 bit unique 
word.
274
Based on these results a unique word insertion model was developed to introduce a 32 
bit unique word after a specified number of source bits. This model allows long bit 
error rate simulations to be performed without the limitations of input file size (<10000 
bits) imposed by reading bits from a user supplied file with the RSTI model. This 
model is relatively simple and operates by multiplexing the output of a parallel to serial 
converter with the input data stream. Four sets of the 8 bit unique word 01111110 are 
repeated for every input block of data of size governed by the input parameter 
uw_spacing. There is a trade off between the frequency of unique words and the 
channel efficiency. Less frequent unique words reduce the response time to changes in 
code rate. A simple unique word generator model is shown in figure 8.2.6. It is limited 
to sending words on 8 bit boundaries.
Figure 8.2.6 Unique Word Generator
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The use of a unique word in the multi rate decoder requires a detector to set an output 
flag when a valid unique word is found. This detector also sends a reset pulse to the 
other unique word detectors to reset their output flags. The flag signals are then used 
to control which decoder output is sent to the output port. The following figures 8.2.7 
and 8.2.8 depict these models using the FIR filter correlation method. The resulting 
simulation block diagram is shown in figure 8.2.9
8.2.3 Code Rate Detection
3 2  BIT UNIQUE WORD DETECTOR
Figure 8.2.7 Unique Word Detector
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Figure 8.2.9 Automatic Multi-Rate Model
The following figure 8.2.10 demonstrates the effect of the signalling method on the 
data. In this case, the C/No value is set to 4 dB. This is purposefully set close to the 
threshold between codes 1 and 2, (1/2 rate and 1/4 rate respectively). The code 
selector initially selected code 2 but after 9000 samples switches to code 1. A 
monitoring output is incorporated in the code rate detector module (AUTODECODE)
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is expanded in figure 8.2.8 and is designed to output a value of 0 for code 0, 2 for code
1,4 for code 2 and 8 for code 3. These values were chosen because they are powers of 
2. Initially the code rate detector has correctly detected code level 2 is being used the 
error detector shows no errors.
When the code rate is switched to level 1, there is a delay before the code rate detector 
responds. This occurs because the detector can only determine the code rate when a 
unique word is sent, in this simulation the unique word spacing was set to 256 bits. 
Because of the mismatch in code rates, errors are output until the detector re- 
synchronises. A similar process occurs later when the code rate switches back to level 
2. Figure 8.2.10 illustrates this.
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Figure 8.2.10 Code Rate Detector Result
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In a user system, no bit errors would be sent to the user as the transmitter can arrange 
to send a series of unique words before and immediately after switching code levels. 3f 
necessary the unique words may be used to form the data into packets carrying channel 
information. The unique words inserted will be automatically removed from the bit 
stream and the user will simply notice a momentary delay in transmission. Bit stuffing 
of user data is necessary at the transmitter to prevent false unique words appearing in 
the user data. In normal operation channel efficiency is not reduced significantly by the 
use of unique words because they only need to be sent infrequently to assist recovery 
in cases of link drop-outs and in the rare case of a false noise generated unique word. 
The probability of a false unique word can be made very small by using a long unique 
word.
A COSSAP simulation was developed to remove errors caused by unique words from 
the data stream by employing an FIR based correlator. This allowed the bit error rate 
to be measured in the simulation. A mechanism for sending a unique word immediately 
after a code rate change was also introduced. This allows the code rate detector to 
respond immediately and the true bit error rate to be assessed. A periodic unique word 
is sent every 1024 bits as a channel sounder to aid recovery in the case of a decoder 
failure or missed unique word from a bit error. A new unique word inserter was 
developed that responds to a rising edge pulse at its input and inserts a 32 bit unique 
word into the data stream by clocking a single bit pulse through a 32 bit shift register 
tapped to produce the unique word. A wait signal is sent to the data source while the 
bit sequence is sent and any inputs at the data port are erased. This is necessary as a 
COSSAP 6.4.1 module requires all input samples to be present and read before an 
output is produced. These blocks are illustrated in the following figure 8.2.11. The 
module PULSE32 produces a 32 bit long pulse from a rising edge at the 
UW_GENERATOR2 input. An AND gate with a bit delay is used to create a single bit 
pulse input for the PULSE32 and UW32 modules from the rising edge input. A second 
eraser removes the errors that occur at code switches.
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Figure 8.2.11 Unique Word Insertion
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The more complex, in terms of module count, shift register approach is necessary so 
that the unique word generator does not need to operate on a byte boundary. 
Otherwise it would be necessary to synchronise the code switching to byte boundaries 
to prevent bit errors occurring as the original unique word generator can only generate 
unique words on byte boundaries. There is no multiplexing block with different input 
rates on each port controlled by a control line provided in COSSAP 6.4.1.
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An alternative to the adaptive coding fade counter measure technique is fade 
spreading. This method is outlined in chapter 6. The user data is spread by 
multiplication by a higher rate pseudo-random binary sequence and transmitted to the 
receiver. At the receiver the signal is de-spread by multiplication by an identical 
sequence and recovered using a low pass filter. The advantage of this technique over 
simple rate reduction is found in that the transmitted signal is of constant bandwidth 
regardless of the user data rate. The user data rate can therefore be reduced during 
fading and recovered by reducing the bandwidth of the receiver low pass filter. 
Because of the signal spreading, the demodulator must work at a lower carrier to noise 
ratio than for a reduced bandwidth system. A simulation model has been developed to 
assess the effects of this. The radio frequency components in the fade spread 
simulation are given exactly the same parameters as in the adaptive coding scheme. 
This allows the two techniques to be directly compared. It is possible to combine 
convolutional coding with fade spreading to further increase the performance.
Figure 8.2.13 depicts the simulation block diagram for the fade spread simulation. It 
will be noted that the modem and channel sections of this model are identical to those 
of the adaptive coding model. Soft decision phase outputs are used to obtain optimum 
performance.
8.2.5 Fade Spreading
282
With a linear channel the results of the fade spreading simulation were close to the 
theoretical performance for a BPSK signal. This is expected as the simulation does not 
account for phase noise and because of the use of soft decision outputs. There is a 
slight degradation as the carrier to noise ratio is increased. A gain of 3 dB is predicted 
for a spreading ratio of 2, a gain of 6 dB for a spreading ratio of 4 and a gain of 9 dB 
for a spreading ratio of 8 with an ideal performance. The gains indicated at the 0 dB 
level were found to be 2.5 dB, 5.3 dB and 8 dB respectively above the spreading ratio 
of 1, indicating a 0.5 dB to 1 dB implementation loss owing to the non-ideal filter 
characteristic and limited 3 bit soft decision resolution. Figure 8.2.14 illustrates these 
results.
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Figure 8.2.14 Fade Spread Performance (Linear Channel)
Simulations were than carried out using a non-linear channel with two interfering 
carriers and up-link fading coupled with a saturated TWTA. The operating point of 
the TWTA is controlled by AGC so that any gain compression will affect the reduced 
carrier as the unfaded carriers use more transponder power. The operating point was 
set at the maximum power output. In a VSAT network where the majority of output 
power is amplified input noise, the transponder may be operating in this region. The 
interfering channels are at nominally the same power level as the measured signal and 
are also transmitting BPSK at the same rate, with identical channel filters. The carrier 
to noise ratio for all signals (unfaded) at the TWTA input is set at 10 dB. This is 
considered the worst case under which a fade spreading scheme can be expected to 
operate. The results are presented in figures 8.2.15 to 8.2.17 below.
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Figure 8.2.16 TWTA Output Spectrum
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From these results it is clear that the performance is not acceptable. However this is 
mainly owing to the saturated TWTA. Further simulations were run with the TWTA 
further backed-off in to the quasi-line^ region. The following figure 8.2.18 
demonstrates the performance for a TWTA in the quasi-linear region, with an input 
back-off of 5 dB corresponding to an output back-off of 0.5 dB.
Figure 8.2.18 Fade Spread Performance (Quasi-Linear Channel)
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Again, there is significant degradation in performance. With the TWTA output backed- 
off by a further 2 dB the error rate performance becomes good (Figure 8.2.1.19), but 
because the down-link power is reduced, a balance must be drawn between the down­
link carrier to noise ratio and intermodulation noise. From these results it would appear 
that the optimum transponder level is around this setting, but the optimum power will 
reduce with more carriers, or when a large amplitude signal, for example the Hub- 
VSAT link, is present
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Figure 8.2.19 Fade Spread Performance (2 dB TWTA Output Back-off)
The above figures demonstrate that the fade spreading technique gives the expected 
gain in fade tolerance. However at low carrier to noise levels the demodulator 
performance deteriorates, placing an effective limit on the use of the technique. A soft 
decision output is essential. Simulations run using a hard decision gave predictably bad 
results. A spreading factor of 2 increased the bit error rate and a spreading factor of 4 
had a gain of under 2 dB at the -9 dB level. At lower error rates, with higher spreading 
factors the performance with hard decisions improves. Figure 8.2.20 demonstrates this.
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Figure 8.2.20 Hard Decision Fade Spread Performance
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Simulations were carried out using the unique word fade communication system in 
order to test the effect of variable carrier to noise ratio. These tests maintained a bit 
error rate below 10"5, the practical measurement limit, for values of channel carrier to 
noise ratio from 0 dB upwards. However it was found impractical to measure the bit 
error rate for each value of carrier to noise ratio on a dynamically varying channel 
because of the large number of bits required, 1 million per sample, and subsequent 
excessive run times, to overcome this problem, the actual number of errors was 
measured in 1000 bit time slots, corresponding to about 52 mS at a 19.2 kb/s channel 
rate.
8.3.1 Simulation of Fading
Up-link fading is introduced by multiplying the up-link carrier amplitude (voltage) by a 
control signal based on the attenuation level read from a data file. A level of 1.0 
represents no fading, a level of 0.316 10 dB fading and a level of 0.1 20 dB fading.
The following figure 8.3.1 demonstrates the effect of a variable signal and the output 
from the fade detection module. In the simulation the attenuation increases linearly 
from 0 dB to 20 dB. The nominal carrier to noise ratio is 10 dB. It must be 
remembered that as the code rate is increased the data throughput is decreased. The x 
axis is not therefore linear with time but account must be taken of the code rate shown 
in figure 8.3.2. One result of this is the high apparent error rate at the end of the 
simulation, this is where the carrier to noise ratio is approaching -10 dB and a high 
error rate is to be expected.
8.3 Fading Channel Simulations
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Figure 8.3.2 Code Rate Detector Output
The following figure 8.3.3 presents a recorded fade at 30 GHz. This is read into the 
simulation as in the previous simulations of figures 8.3.1 and 8.3.2. This is a 
particularly severe event measured at the Rutherford Appleton Laboratory and was 
presented in Chapter 2. The very high attenuation will lead to an outage, the recovery 
of the system can therefore be assessed on real attenuation data. Although this fade
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extends beyond 40 dB of attenuation, levels below 40 dB are subject to quantisation 
errors in the digital beacon receiver used in the measurement. The high levels of 
attenuation are left in the simulation to encourage signal drop outs to test the counter 
measure scheme.
Sample Fade (30 GHz 17/12/91)
. .  i .
250. 500. 750. 1000.
Sample Number
-20.
-4 0 .
-6 0 .
Figure 8.3.3 Real 30 GHz Signal Fade
8.3.2 Reference Performance
In order to provide a reference to judge the performance of the fade counter measure 
scheme on the real fade, a simulation was run with the scheme disabled. The results are 
presented in the following figure 8.3.4. The two graphs show the signal level and error 
rate at for 100 bit sample periods. The vertical scales are arranged to be the same, with 
signal power in linear units. The signal level at the beginning of the simulation is 0.5, 
indicating a 3 dB fade. The reason for this is that the event was preceded by a long 
period of moderate attenuation. The carrier to noise ratio before the large attenuation 
begins is therefore 7 dB. It is clear from the result that this real measured 30 GHz 
event would lead to an extended outage period.
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8.8.3 Counter Measure Scheme Performance
A simulation with the fade counter measures scheme operating produced the result 
presented in the following figures 8.3.5 and 8.3.6.
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Figure 8.3.5 Fade Counter Measure Scheme Result
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Figure 8.3.6 Counter Measure Control Level
The results of this simulation demonstrate the effect of the fade counter measure 
scheme. Note a code level of 1 is uncoded. The error rate during the majority of the 
event without outage is held low, an improvement on the performance of the non­
counter measure result at the penalty of a reduction by a factor of 2 in capacity. 
However once the attenuation level exceeds the dynamic range of the counter 
measure scheme, the error rate becomes high with an outage resulting. The recovery 
from outage is rapid owing to the periodic sending of unique words.
To assess the effect of this event on down-link fading, the event was scaled to 20 GHz 
by dividing the attenuation by the frequency scaling factor of 2.2. The attenuation is 
capped at 20 dB because the dynamic range of the 30 GHz measurement was only 40 
dB. The results for the reference simulation are presented in the following figure 8.3.7.
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Figure 8.3.7 20 GHz Fade Reference Performance
The results of applying fade counter measures are presented in the following figures
8.3.8 and 8.3.9. The error rate (figure 8.3.8) is held at a low level until the fade event 
becomes too severe for the maximum coding level (figure 8.3.9).
Sample Fade (20 GHz 17/12/91)
500. 600. 700. 800. 900.
Sample Number
Figure 8.3.8 20 GHz Fade Counter Measure Result - Error Rate
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Figure 8.3.9 20 GHz Fade Counter Measure Result - Control Level
The error rate that is produced while the attenuation level is still in the dynamic range 
of the adaptive coding scheme is difficult to determine from the plot, but may be 
determined from the earlier code performance simulation results or by counting the 
number of errors. In this case the error rate at the beginning of the simulation was 10’ , 
here the code rate is 1, i.e. no coding and equivalent to a channel Eb/No of 7 dB, made 
up from a nominal 10 dB SNR plus degradations from intermodulation noise and the 
demodulator. This error rate may be reduced or increased by adjusting the counter 
measure code rate thresholds. As the fade develops the fade counter measure scheme 
operates and the code rate is increased progressively from 1/2 to 1/4 and 1/8. When 
the counter measure scheme is operating, except during the outage, the error rate is 
too low to estimate accurately from this simulation, is at about IO'5. The penalty of 
course is that the data rate is reduced. A trade-off must be made between the 
maximum error rate, the dynamic range and the data throughput during fades. In this 
case the uncoded threshold at about 10’3, is set too high for data transmission but 
would be reasonable for speech.
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The simulations reported in this chapter have demonstrated that the proposed fade 
counter measure schemes of adaptive coding and fade spreading are capable of 
successful application to a VSAT network. Within the limitations of the COSSAP 
software a demonstration adaptive coding model using rates of uncoded, 1/2, 1/4 and 
1/8 codes with soft decision had been produced. This model successfully held the bit 
error rate at a lower level than a reference simulation with a fading signal. The effects 
o\~ satellite transponder non-linearity have been included based on an Intelsat TWTA. 
The effect of adjacent channel interfering carriers on the bit error rate has been 
evaluated in the presence of up-link fading for linear, quasi-linear and saturated 
transponder settings. A realistic representation of a BPSK demodulator including 
timing recovery and phase recovery circuits has been developed. This has allowed the 
effects of phase and frequency error on the demodulator lock-up time to be 
investigated. The simulated fade counter measure scheme requires approximately 200 
symbols to attain lock with 1000 symbols to determine the channel quality. The ability 
of the demodulator to remain locked at low carrier to noise ratios is critical to 
effective adaptive coding and fade-spread systems.
8.4 Conclusion
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9.1 Summary of Work
Future expansion o f satellite delivered services will need to make use o f the 20/30 GHz 
allocation. The allocation at 20/30 GHz is wide at over 2.5 GHz, allowing a high 
overall capacity to be attained. The band is well suited to VSAT systems which tend to 
be power rather than bandwidth limited, owing to the small earth station antenna sizes 
used. The freedom from interference allows a high transponder gain and therefore 
lower VSAT EIRP. The use o f  satellite spot beam antennas increases the transponder 
EIRP, reduces the level o f interference and permits frequency re-use in different areas.
Applications suited to VSAT networks and already demonstrated at 20/30 GHz via 
Olympus include video-conferencing (DICE), audio and television links (UK-Canada, 
UK- Africa interactive distance learning demonstrations), data distribution (CODE), 
satellite news gathering (Flyaway SNG terminal), local area network interconnection 
(CODE), and inter satellite-links (ESA IOC experiment).
Links at 20/30 GHz suffer from adverse signal fading owing to rainfall. Although the 
additional atmospheric attenuation above the free space path loss is under 2 dB for the 
majority o f the year, large power margins are required when systems must operate with 
highly reliable links. For a typical European location, link attenuation at 20 GHz will 
not exceed 3 dB and will not exceed 5 dB at 30 GHz for 99% of the time. Therefore 
for a 99% availability margins o f  3 dB and 5 dB are required at 20 GHz and 30 GHz 
respectively.
To reach a link availability o f  99.9% the margins required become 6 dB and 12 dB. To 
achieve 99.99% margins o f 16 dB and 27 dB are necessary.
9. Conclusion
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Because fade events are rare, with large attenuation s generally being o f short duration, 
it is not economically sensible to include a fixed power margin o f for, example 12 dB 
at 30 GHz to achieve an availability o f 99.9%. Higher availability's become prohibitive. 
A 12 dB margin represents a sixteen fold increase in up-link EIRP requirement. A 6 dB 
down-link margin represents a reduction in transponder capacity by a factor o f four, or 
conversely a quadrupling o f link rental costs. Such margins could be reached by using a 
3 metre to 4 metre VSAT antenna in place o f a 90 cm to 1.2 metre antenna, but such a 
terminal could not be described as a VSAT.
The large attenuations experienced at 20/30 GHz are principally caused by rainfall 
along the link path. Smaller effects are caused by clouds, mist and fog. Ice crystals in 
clouds cause signal depolarisation restricting the application o f frequency re-use by 
orthogonal polarisation common at 11/14 GHz. Faraday rotation in the ionosphere, 
significant at 6/4 GHz is insignificant at 20/30 GHz. Ionospheric dispersion is also very 
low allowing wide coherent bandwidths to be used.
At very low elevation angles, significant link attenuation is experienced from 
atmospheric gasses particularly at 20 GHz owing to the close proximity o f the 22.3 
GHz water vapour attenuation peak. This is a significant problem even in a moderately 
dry atmosphere. Oxygen absorption is a significant factor at 30 GHz, leading to clear 
sky attenuation figures around 15 dB at zero degree elevation angles. Furthermore, 
cloud effects cause significant scintillation at low elevation angles where the path 
through the cloud is relatively long. These factors combine to make operation at 20/30 
GHz impractical below approximately 10 degrees o f elevation.
Measurements made at 20/30 GHz, combined with those made at lower frequencies 
were investigated in chapter 2. The dynamic characteristics o f attenuation, (rate o f 
change, duration, frequency o f occurrence) were also covered. From these results it 
was concluded that a fade counter measure scheme operating at 20/30 GHz in Europe
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at typical elevation angles o f  around 28 degrees would be required to provide a fade 
margin o f the order o f 6 dB at 20 GHz and 12 dB at 30 GHz. This would increase the 
annual availability from 80 %  to 99.5 %. Fade rate o f change was demonstrated to be 
under 1 dB per second for the majority o f fades up to these thresholds.
The link budget parameters are covered in chapter 3 together with the effects of 
transponder gain compression and intermodulation. The resulting methods can be used 
in the design o f a link allowing the requirements o f the earth station and satellite 
transponder to be determined and a trade off made between parameters to provide the 
best cost solution. Detailed link budgets for CODE and DICE are presented.
The development o f a prototype 20/30 GHz VSAT was illustrated in chapter four. 
Link budgets for various applications were presented. The choice o f modulation 
scheme, the phase noise, EIRP and G/T were considered, comparisons made between 
the performance and costs o f the terminal for various configurations, resulting in the 
final specification. Simulation results made using the BOSS package o f the expected 
terminal performance are compared with tests made using a satellite simulator together 
with the specified modem are presented. These simulations and tests included the 
effects o f channel filters, up-link solid state amplifier (SSPA) non-linearity, transponder 
non-linearity, local oscillator phase noise, interfering carriers, up-link noise limited 
operation, up-link fading, down-link fading and scintillation. As a result it was found 
that a 3 dB power margin was necessary to overcome system degradations for the 9.6 
kb/s specification. Actual link tests, made at DRA Defford via Olympus confirmed 
these results.
Methods o f detecting fading on a 20/30 GHz satellite link are examined in chapter five. 
For a fade compensation scheme to operate, a knowledge o f the current link status is 
vital. Various detection schemes were introduced, including beacon and radiometric 
methods, bit error rate monitoring, carrier to noise ratio measurements and signal
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quality estimators. The relative merits with respect to cost, effectiveness, and the 
response time o f each method were shown. Different fade compensation schemes have 
different detection requirements. For example fade location data, up-link or down-link 
is important to a power control scheme but not important to a code rate or shared 
resource scheme.
The applicable methods o f fade compensation, fade counter measures, are introduced 
in chapter six. There are two basic methods o f overcoming fading. These are 
avoidance, by diversity or compensation by methods other than diversity. Diversity can 
be split up into the three categories o f location, frequency and time. Stations separated 
by over 10 km can expect a diversity gain o f over 10 dB for deep fades, dependant on 
the attenuation level. Although an effective fade counter measure, site diversity is 
expensive as two stations are required with a separation o f at least 10 km and a link 
between them must be provided. This link must be by cable. A microwave link could 
be used but it must have a very large margin as, when it is required, the rain event 
causing the satellite link to fail will may also significantly affect the terrestrial link. 
Frequency diversity requires one earth station with dual band capabilities so that a 
lower frequency band, such as 6/4 GHz can be used when link attenuation is too severe 
at 20/30 GHz. Additional capacity must be provided at 6/4 GHz but this capacity can 
be shared amongst other users as a common resource. Time diversity includes both 
adaptive TDMA, where extra time slots are provided to compensate for reduced 
throughput during fading, and simply storing traffic until the event has ended, requiring 
additional capacity to clear any backlog. The storage method is well suited to non-time 
critical applications, an example is daily stock level/price/catalogue data transfers 
where the requirement is to update many sites outside normal working hours. If one 
site is suffering a fade, another site is serviced, with the faded site being returned to 
later.
302
Alternatives to the diversity and shared resource fade avoidance counter measure 
schemes are the channel compensation schemes. These methods seek to compensate 
for the effects o f fading by either increasing power or by decreasing capacity.
The methods o f adaptive transmitter power control, including up-link power control 
and down-link power control, were examined with respect to possible applications. 
The conclusion was drawn that the high cost o f an earth station capable o f a suitable 
up-link margin (>10 dB) at 30 GHz effectively limits the use o f these techniques to 
large high capacity stations rather than VSATs. Because there is no reduction in 
capacity during fading, within the power control range, up-link power control is 
considered the most favourable option for a VSAT network Hub station serving many 
clients.
The second category o f fade compensation techniques operate by progressively 
reducing the channel capacity, providing an increased bit energy to compensate for 
fading. Schemes using this technique that were presented include data rate reduction, 
adaptive coding, adaptive modulation order and fade spreading. Data rate reduction 
creates problems because o f the need for adaptive channel filters and because o f the 
increased probability o f interference owing to the increased power per unit bandwidth. 
However it does provide a large range o f compensation with the minimum data rate 
limited principally by the phase noise performance o f the satellite and earth station 
oscillators. Adaptive coding, fade spreading and adaptive modulation schemes maintain 
a constant channel rate, so that fixed bandwidth filters may be used and the transmitted 
power per unit bandwidth remains constant.
Adaptive coding has a useful range o f around 10 dB, limited by the demodulator, but 
sufficient for VSAT systems. Increased redundancy compensates for the decreased 
reliability o f individual channel bits. The introduction o f integrated Viterbi decoders or 
the use o f punctured codes reduces the cost o f this method. Fade spreading shares
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many o f the characteristics o f adaptive coding, except that the data rate reduction is 
achieved by spread spectrum techniques. The use o f LSI devices and DSP techniques 
reduces the cost o f this method to being similar to adaptive coding. The dynamic range 
is again limited by the minimum locking range o f the demodulator. Both adaptive 
coding and fade spreading may be fitted retrospectively to existing earth station 
equipment for use at 20/30 GHz.
Adaptive modulation schemes maintain a constant bandwidth by dynamically varying 
the number o f information bits represented by each channel symbol. BPSK carries one 
bit o f information per symbol. QPSK carries 2 information bits per symbol but requires 
a carrier to noise ratio 3 dB higher than BPSK to maintain the same error rate. A 
demodulator designed to demodulate 16-PSK may be modified to demodulate 8-PSK, 
QPSK and BPSK. Under unfaded conditions 4 bits are transmitted per symbol. At the 
limit o f the dynamic range BPSK is used with one bit per symbol. This represents a 
dynamic range o f 9 dB. Although a demodulator designed to recover 16-PSK signals 
will be more difficult to produce than one designed for QPSK the main limitation on 
the use o f  higher modulation schemes will be the phase noise generated by the 
oscillators in the earth stations and satellites. At low data rates, and at 30 GHz, a very 
low phase noise oscillator is required.
In chapter seven the control and implementation o f fade counter measures are 
considered. It was concluded that small margin is required to allow for the effects of 
measurement errors, a finite response time caused by the satellite link delay and 
detection delays, control errors and scintillation effects. For a VSAT system the value 
o f this margin should be around 1-2 dB depending on the fade counter measure scheme 
and fade detection method used. Lineal'prediction o f attenuation trends was 
investigated to overcome detection delays. It was concluded, based on a measured 
event, that linear prediction can be used in preference to averaging, but only for a short 
time o f the order o f one to two seconds before errors become large. Quadratic
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prediction was found to produce larger errors than linear prediction. For fade counter 
measure schemes with fixed thresholds, such as adaptive coding, it was concluded that 
averaging measured attenuation over 5 to 15 seconds produced the minimum average 
error. Shorter averaging times emphasised noise whereas longer averaging times 
respond too slowly to the dynamics o f the attenuation. Therefore an attenuation 
measurement based on a 10 second average appears optimum. A small amount o f 
hysteresis in the switching threshold is necessary to prevent continuous switching 
owing to scintillation effects. Frequency scaling errors may lead to errors o f around 1 
dB in the estimation o f attenuation at 30 GHz for a fade o f 10 dB when measurements 
are made at the down-link frequency. Unique words o f 32 bits or more were shown 
provide a good method o f communicating fade data between stations and may also be 
periodically sent as markers to indicate link failure and aid recovery after an outage.
In chapter 8 simulation results obtained using the COSSAP 6.4.1 package are 
presented. These simulations included the effects o f the channel together with those o f 
the modulator and demodulator, soft decision Viterbi decoder, fade detection 
implementations and unique word based control scheme. These results demonstrated 
that the adaptive coding fade counter measure scheme is suitable for a VSAT link. A 
low bit error rate being maintained while a fading signal remained within the dynamic 
range o f the counter measure. Simulations were also carried out on the Fade Spreading 
technique with good results indicated.
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The next stage o f the fade counter measure technique is to construct a hardware 
prototype multi-rate Viterbi decoder and a demodulator capable o f operating at low bit 
energy ratios. Field testing and development o f fade counter measures is necessary. 
The increased power o f VLSI circuits permits the application o f more complex digital 
signal processing techniques (DSP). The use o f DSP in adaptive modulation schemes 
designed to adaptively match the channel to optimum capacity will lead to a significant 
advance in the performance o f fade counter measure schemes. The use o f CDMA 
techniques and pico-terminals will require the development of appropriate fade counter 
measures. Market research is required, indicating which applications users require, 
what traffic characteristics will result and what service degradations owing to the effect 
o f propagation impairments users will tolerate in return for reduced link costs.
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